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PREFACE. 


This  work  is  intended  to  serve  as  an  introduction  to  the 
study  of  Heat  and  Light,  and  fully  covers  the  ground 
defined  by  the  Syllabus  for  the  London  University  Matri- 
culation Examination.  Although  primarily  written  for  the 
use  of  candidates  for  this  examination,  the  book  is  intended 
to  be  suitable  for  general  use.  In  order  to  avoid  the 
confusion  which  always  arises  from  a  too  close  observance 
of  the  requirements  of  different  examinations,  I  have  con- 
sidered the  Matriculation  Syllabus  as  an  indication  of  what 
our  best  authorities  consider  to  be  a  suitable  elementary 
course,  and  have  treated  the  subject  accordingly.  My  chief 
aim  has  lx)en  to  give  the  student  clear  and  accurate  notions 
of  the  elementary  principles  of  the  subject,  and  to  enable 
him  to  obtain  a  firm  grasp  of  these  principles  by  prac- 
tical illustration  and  by  exercises  on  their  application  to 
problems. 

For  general  convenience  the  reference  numbers  in  this 
book  are  arranged  to  correspond  with  those  in  our  more 
advanced  Text-books  of  Heat  and  Light  to  which  the  reader 
desirous  of  extending  his  study  of  these  subjects  is 
referred. 

I  have  to  acknowledge  suggestions  from  the  Piincipal 
of  the  University  CJorrespondonco  College,  and  from  Mr. 
8.  Andrews,  B.A.,  B.Sc.,  who  has  kindly  read  through  all 
the  proofs. 

I  have  also  to  thank  Mr.  R.  Evans,  University  College, 
Ix)ndon,  and  my  brother,  Mr.  A.  M.  Stewart,  for  verifying 
the  arithmetical  work  of  the  examples. 

E.  W.  S. 

UinvBBsrrY  Correspondenci  Collsob, 
Man,  1S90. 
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CHAPTER  I. 

JXTROnUCTORY. 

1.  Preliminary  considerations.  The  sensations  of  heat  and 
cold  are  familiar  to  all.  Wlien  we  touch  any  substance 
with  the  hand,  we  are  at  once  able  to  say  whether  it  feels 
hot  or  cold ;  but  it  is  evident  that  by  this  we  mean  that 
the  substance  is  hotter  or  colder  than  the  hand.  We  can 
convince  ourselves  of  this  by  placing,  for  a  short  time,  one 
band  in  warm  water  and  the  other  in  cold,  and  then 
plunging  both  into  lukewarm  water,  which  will  feel  hot  to 
one  hand  and  cold  to  the  other.  These  sensations  of  heat 
and  cold  are  therefoi^e  relative,  and  tell  us  nothing  of  the 
actual  state  of  the  body  producing  the  sensation. 

On  the  other  hand,  we  know  from  these  sensations  that 
different  tliermal  states  of  any  given  body  exist.  For 
example,  if  l)oth  hands  })e  immersed  for  some  time  in  luke- 
warm water,  and  then  placed,  one  in  hot  water  and  the  other 
in  cold,  the  former  will  experience  a  sensation  of  heat  and 
the  latter  one  of  cold,  although  both  hands  were  initially 
in  exactly  the  same  state.  It  thus  apjx»ai-s  that  the  differ- 
ence in  the  sensations  of  heat  and  cold  is  due,  not  only  to 
different  states  of  the  organization  in  which  the  sensation 
is  produced,  but  also  corresponds  to  an  actual  difference  in 
the  physical  condition  of  the  body  by  which  the  sens*ition  is 
produced.  It  is  with  this  latter  point  that  we  are  con- 
cerned in  the  study  of  heat. 

The  agency  by  means  of  which  this  difference  in  th9 
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physical  condition  is  produced  is  called  heat,  and  so  long  as 
the  state  of  aggo-egation  of  a  body  does  not  change — that  is, 
so  long  as  it  does  not  change  from  a  solid  to  a  liquid,  or  from 
a  liquid  to  a  gas — the  different  conditions  due  to  the  agency 
of  heat  are  referred  to  as  the  difierent  temperatures  of  the 
body.  These  two  terms,  temperature  and  heat,  will  be  more 
fully  understood  as  we  proceed  ;  at  present  it  will  be  suffi- 
cient to  notice  that  temperature  of  a  body,  in  a  given  state 
of  aggregation,  indicates  a  particular  physical  condition 
of  that  body,  and  that  heat  is  the  agency  to  which  this 
condition  is  due.  The  relation  between  heat  and  temperature 
is  such  that  when  a  body  gains  heat  its  temperature  is  said  to 
rise,  and  when  it  loses  heat,  or  cools,  its  temperature  falls. 

2.  Nature  of  heat.     It  will  now  be  interesting  to  con- 
sider a  little  furtlier  the  nature  of  this  agency  which  has 
been  distinguished  by  the  name   heat.      To  do  so  let  us 
examine  how  heat  may  be  produced.      The  most  familiar 
source  of  heat  is  combustion  ;  this  is  a  chemical  process,  and 
its  physical  nature  is  too  complex  to  help  us  at  this  stage  of 
our  investigation.     Heat  may,  however,  be  produced  very 
simply  by  mechanical  means.     When  a  piece  of  iron  is  filed, 
it  is  well  known  that  both  file  and  iron  become  very  hot. 
Also,  if  a  piece  of  metal  be  hammered  on  an  anvil,  it  may 
be  made  unpleasantly  hot  to  the  touch.      Many   similar 
instances  will  occur  to  the  reader,  and  in  each  case  it  will 
be  found,  on  consideration,  that  wherever  work  is  done, 
or  energy  disappears,  heat  is   produced.      It  would  thus 
appear   as  if  there  were  some  relation  between  the  heat 
developed  and  the  work  done   during  the   process  of   its 
development.     Experiment  shows  that  such  a  relation  does 
exist,  and  that  it  is  a  constant  and  definite  one.     A  given 
quantity  of  work,  if  expended  in  the  production  of  heat, 
always  produces  the  same  quantity  of  heat,   whatever  be 
the  process  employed  for  its  production,  and  in  all  cases  it 
is  found  that  the  heat  produced  is  directly  proportional  to 
the  work  expended  in  its  production.     From  this  we  may 
justly  infer  that  heat  is  a  form  of  energy,  and  that  the 
production  of  heat  by  mechanical  work  is  an  instance  of  the 
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transformation  of  energy.  It  may  now  he  askeil,  What  is 
the  nature  of  this  translormation  ?  A  bullet  is  fired  against 
an  iron  target,  and  is  picked  up  ahnost  too  hot  to  be  held  in 
the  hand.  What  form  has  the  original  kinetic  energy  of 
the  bullet  taken  in  the  hot  bullet  ?  According  to  modern 
views  of  heat,  the  molecules  of  any  given  body  are  sup- 
posed to  be  vibrating  to  and  fro,  at  a  rate  dependent  on 
the  temperature,  and  the  sum  total  of  the  kinetic  energy 
of  its  molecules,  due  to  this  vibratory  motion,  determines 
the  molecular  kinetic  energy  for  any  temperature.  As  the 
temperature  increases  this  molecular  kinetic  energy  increases, 
as  does  also  the  potential  energy  of  the  system  of  moleculas, 
and  the  total  change  in  molecular  energy  accompanying  any 
thermal  change  is  equivalent  to  the  heat  generated  or 
absorbed  during  that  change.  Hence,  in  the  case  of  the 
bullet,  its  initial  kinetic  energy  is  transformed  into  mole- 
cular energy ;  the  motion  of  the  bullet  as  a  whole  is  stopped 
by  the  impact  on  the  target,  but  the  energy  of  each  con- 
stituent molecule  is  thereby  increased,  and  this  increase  in 
molecular  energy  is  indicated  by  the  increased  temperature 
of  the  bullet.  Also,  the  total  increase  of  molecular  energy  in 
the  bullet  and  target  is  equal  to  the  initial  kinetic  energy  of  the 
bullet,  and  equivalent  to  the  heat  developed  by  the  impact. 

The  process  of  combustion  is  capable  of  a  similar  explana- 
tion. All  chemical  change  is  duo  to  molecular  or  atomic 
interaction,  and  it  will  be  understood  that  the  heat  effect 
attending  any  chemical  change  may  be  due  to  a  change  in 
molotular  energy  resulting  from  this  interaction. 

3.  Heat  is  transferable.  Many  simple  experiments  show 
this  to  be  the  case.  When  a  kettle  of  cold  water  is  plju'od 
on  a  fire,  heat  is  al)s<)rl)ed  by  the  water,  and  ultimately  its 
temperature  rises  to  the  boiling  |)oint.  Or,  if  a  pint  of  hot 
water  be  mixed  with  a  pint  of  colder  water,  a  transfer  of 
heat  takes  place,  and  the  temperature  of  the  mixture  will 
l>e  intermediate  between  the  initial  tomporatures  of  its  com- 
lonents;  for  it  will  feel  cold  to  a  hand  previously  placed  in 
the  hot  water,  and  hot  to  one  previously  placed  in  the  cold 
water.     Tins  shows  tliat,  while  the  hot  water  lias  lost  heat, 
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the  cold  water  has  gained  heat.  This  simultaneous  heating 
of  a  cold  body  and  cooling  of  a  hot  body  during  the  same 
operation  may  be  described  as  the  transference  of  heat  from 
the  hot  body  to  the  cold  one.  Knowing  these  facts,  we 
are  led  to  infer  that  heat  is  a  physical  quantity  capable  of 
accurate  measurement. 

4.  Heat  a  measurable  quantity.  A  quantity  is  that  which 
can  be  expressed  in  terms  of  a  fixed  unit  of  its  own  kind, 
and  its  measure  is  the  ratio  of  the  given  quantity  to  the 
chosen  unit.  Thus,  if  2  be  the  measure  of  any  quantity, 
the  meaning  is  that  the  quantity  considered  is  twice  as 
great  as  the  fixed  unit —  e.g. ,  if  a  foot  be  chosen  as  unit  of 
length,  a  length,  the  measure  of  which  is  2,  is  two  feet  long. 
Let  us  now  consider  if  heat  is,  in  this  sense,  a  measurable 
quantity.  Suppose  we  have  a  hydrogen  gas  flame  whose 
i-ate  of  burning  is  absolutely  uniform,  we  may  assume  that 
its  heating  effect  is  equal  for  equal  intervals  of  time.  If 
now  a  fixed  quantity  of  water,  at  a  given  temperature,  be 
heated  by  this  flame  for  a  given  time,  its  temperature  will 
be  raised  to  a  certain  degree,  indicating  the  absorption  of 
a  definite  quantity  of  heat.  An  exactly  equal  quantity  of 
water  will,  under  the  same  circumstances,  reach  the  same 
temperature  in  the  same  time,  and  will  therefore  absorb  the 
same  quantity  of  heat.  Hence,  if  double  the  quantity  of 
water  be  heated  under  precisely  similar  circumstances,  it 
will  be  raised  to  the  same  temperature  in  double  the  time — 
that  is,  after  the  absorption  of  double  the  quantity  of  heat. 
If,  therefore,  the  quantity  of  heat  absorbed  in  either  of  the 
cases  first  considered  be  taken  as  the  unit,  the  measure 
of  the  quantity  absorbed  in  this  last  case  is  2.  Heat  may 
thus  be  considered  as  a  measurable  quantity.  The  unit 
adopted  in  its  measurement  is  quite  arbitrary.  We  might, 
for  example,  take  the  unit  to  be  the  quantity  of  heat 
required  to  raise  one  pound  of  water  from  one  particular 
temperature  to  another.  Then  the  measure  of  the  quantity 
required  to  raise  m  pounds  through  the  same  range  of  tem- 
perature would  be  m.  This  subject  will  be  further  considered 
in  the  chapter  on  Calorimetry. 
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6.  Effects  of  heat.  The  effects  of  heat  on  different 
substiinces  are  very  diverse,  and  often  depend  on  the  cir- 
cumstances under  which  the  heating  takes  place.  We  can, 
however,  notice  a  few  of  the  moi*e  important  effects.  These 
are: — 

(i)  Change  of  temperature. 

(ii)  Expansion.  It  is  found  that,  in  general,  when  a  body 
is  heated  it  expands,  and  will,  if  allowed  to  cool  to  its  ori- 
ginal temperature,  gradually  contract  to  its  original  volume. 
This  is  the  case  whether  a  body  be  solid,  liquid,  or  giiseous. 
Some  few  substances  are  exceptions  to  this  inile;  among 
them  are  iodide  of  silver,  sti-etched  caoutchouc  (in  the 
dii-ection  of  the  tension),  water  below  4°  C,  and  some  alloys. 
These  contract  when  heated  and  expand  on  cooling.  The 
amount  of  expansion  is  different  for  different  substances ;  in 
general,  ga.ses  expand  more  than  liquids  and  hquids  more 
than  solids  for  the  ssinie  rise  of  temperature.  These  facts 
may  be  illustrated  by  the  following  simple  experiments : — 

1.  Expansion  of  solids. 

(a)  A  rod  of  metal,  C  D  (Fig.  1),  passes  through  holes  in 
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two  metallic  uprights,  A  and  B.  The  end  C  is  fixetl  by 
means  of  the  screw  in  B,  while  the  end  D  passes  freely 
through  the  hole  in  A.  The  lever,  DOE,  is  arranged,  as 
indicated  in  the  figure,  to  magnify  the  motion  of  the  end  D 
of  the  rod.  The  ro<l  is  heated  by  setting  fire  to  some 
methylated  spirit  placed  in  the  trough,  M  N.  As  the 
temperature  of  the  ixxl  increiuies,  the  upward  motion  of 
the  lever  indicates  a  gradual  increase  in  length  ;  before 
long  the  temperature  reaches  its  maximum,  and  the  lever 
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remains  steady  for  a  short  time.     As  tlie  flame  dies  away 

the? temperature  decreases,  the  rod  contracts,  and  the  lever 

gradually  falls  to  its  initial  position  as  the  rod  returns  to 

its  initial  temperature, 

(b)  Gravesand's  Ring  (Fig.  2).     A  sphere  and  a  ring  are 

made  of  the  same  metal,  and  of 
such  dimensions  that  the  for- 
mer just  passes  through  the  lat- 
ter when  both  are  at  the  same 
temperature.  If  the  sphere  be 
heated  over  a  large  gas  flame 
and  placed  on  the  ring,  it  will 
not  pass  through;  but  if  al- 
lowed to  remain  on  the  ring, 
it  will  gradually  contract ;  and 

finally,  when  both  ring  and  sphere  are  at  the  same  tempera- 
ture, it  will  fall  through. 
2.  Expansion  of  liquids. 
To  show  the  expansion  of  liquids  the  apparatus  shown  in 

the  figure  is  convenient  (Fig.  3).     The 

bulb  is  filled  up  to  a  mark,  a,  on  the 

stem  with  the  liquid  to  be  experimented 

upon.     It  is  then  placed  in  a  vessel 

of  hot  water;   as  the  glass  bulb  first 

touches  the  hot  water,  it  expands  before 

the  liquid  does,  and  the  result  is  that 

the  extremity  of  the  liquid  column  falls 

to  b.     Before  long,  however,  the  liquid 

itself   begins  to    expand,   and   as,   in 

general,    liquids    expand    more    than 

solids,  the  column  gradually  rises  as 

the    temperature    increases.      If    the 

apparatus  is    allowed    to   cool    to   its 

original    temperature,   the    extremity 

of  the  column  in  the  stem  gradually 

returns   to   its   initial   position   at    a, 

where  it  becomes  stationary  as  before. 

It  must  be  noticed  that  the  rise  and  fall  of  the  liquid  column 

depend  on  the  relative  expansibility  of  the  material  of  the 
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bulb  and  the  liquid  ;  if  it  were  possible  to  get  a  liquid  of 
the  same  expansibility  as  the  material  of  the  bulb,  the  end 
of  the  liquid  column  would  remain  stationary  through  all 
changas  of  temperature. 

3.  Expansion  of  gases. 

A  bulb  (Fig.  4)  similar  to  that  used  for  liquids  is  taken, 
and  a  short  thread  of  mercury  introduced  into 
the  stem,  so  as  to  separate  the  air  in  the  bulb 
from  the  outer  air.  If  now  the  bulb  be  held 
in  the  hand,  or  slightly  warmed  in  any  other  way, 
the  air  below  at  once  expands  and  pushes  up  the 
mercury  thread,  which  thus  acts  as  an  index 
serving  to  show  the  amount  of  expansion. 

If  the  expansion  of  any  body  be  prevented  by 
mechanical    force,  it   will  be  found  that  as  the 
temperature  increases  the  force  required  to  prevent 
expansion  will  also  increase ;  and  in  the  case  of 
liquids  and  solids  this  force  may  become  enormous. 
In  the  case  of  gases  the  increase  of  pressure  due 
to  rise  of  temperature,  while  the  volume  of  the 
gas  remains   constant,  follows  the  same  law  as 
the  increase  of  volume  with  temperature  while  the      ^ia  a 
pressure  remains  constant.     This  fact,  which  is  of 
great  importance,  will  be  referred  to  again  when  we  come 
to  consider   the   expansion   of   gasas  under  the  action  of 
heat. 

It  will  be  seen  from  the  experiments  described  above 
that  change  of  length  or  volume  is  simultaneous  with 
change  of  temperature,  and  this  fact  suggests  a  method 
of  indicating  the  temperature  of  a  body.  For  example, 
suppose  an  iron  rod,  a  metre  long,  at  the  temperature  of 
melting  ice,  to  be  gradually  heated  by  any  means ;  its  tem- 
perature will  rise  and  its  length  increase  continuously,  so 
that  a  certain  definite  length  of  the  rod  corresponds  to  e;ich 
temperature  passed  through.  Thus  a  length  of  TOOOl 
metre  indicates  a  particular  tem{)eraturo  of  the  rod  which 
may  be  denoted  by  <,  and  whenever  the  rod  has  this  length 
it  may  Iw  assumed  that  its  temperature  is  that  denot^l  by 
/.     Wo  may  thus,  by  accurately  nicasuring  the  length  of  the 
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rod  under  difterent  circumstauces,  get  some  comparative 
idea  of  its  variation  of  temperature. 

(iii)  Change  of  state  of  aggregation.  By  state  of 
aggregation  is  meant  the  state  of  a  body  with  reference 
to  its  existence  in  the  solid,  liquid,  or  gaseous  form.  As 
we  have  seen,  the  general  eftect  of  heat  on  a  body  is  to 
raise  its  temperature  and,  at  the  same  time,  slightly  increase 
its  volume.  Heat  has,  however,  another  effect  on  substances, 
which,  although  attended  with  change  of  volume,  always 
takes  place  at  a  constant  temperature.  When  water  has 
reached  its  boiling  point,  it  is  well  known  that,  although  it 
may  continue  to  boil,  its  temperature  does  not  rise, — the 
only  effect  of  a  continued  application  of  heat  is  to  convert 
the  water  into  steam.  Similarly,  the  application  of  heat 
to  ice  converts  it  into  water,  the  temperature  remaining 
constant  throughout  the  process  of  conversion.  These 
phenomena  of  change  of  state  will  be  more  fully  considered 
further  on ;  at  present  it  will  be  sufficient  to  learn  that 
at  particular  stages  in  the  heating  of  a  solid  or  liquid  the 
effect  of  the  continued  application  of  heat  is  to  change 
the  solid  into  a  liquid  or  the  liquid  into  a  vapour,  and 
that  during  this  change  of  state  the  temperature  remains 
absolutely  constant. 

(iv)  Heat  often  tends  to  promote  chemical  action. 
Combustion  is  an  example  of  this.  Carbon  and  oxygen, 
if  heated  to  a  sufficiently  high  temperature,  in  contact 
with  one  another  unite  chemically — ^that  is,  combustion 
takes  place.  Similarly,  sulphur  burns  in  oxygen  if  the 
temperature  is  high  enough,  and  oxygen  and  hydrog.en 
unite  to  form  water  when  the  mixture  is  raised  to  the 
temperature  of  ignition  by  means  of  an  electric  spark  or 
lighted  taper. 

(V)  Heat  also  modifies  in  many  ways  the  properties  of 
matter.  The  elasticity  and  rigidity  of  solids  and  the  vis- 
cosity of  liquids  change,  generally  in  the  sense  of  decrease, 
as  the  temperature  rises.  The  conductivity  of  metals  for 
heat  and  electricity  is  also  affected  by  changes  of  tem- 
perature. Also,  under  proper  conditions,  the  application  of 
heat  may  give  rise  to  an  electric  current.     These  questions 
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are  somewhat  l)eyuiid  the  scojie  of  our  })rfM>nt  work.  It  is, 
however,  well  to  remember  that  all  the  pix^j^erties  of  any 
substance  are  liable  to  change  with  change  of  temperatui-e. 
Also,  since  heat  is  a  form  of  energy,  we  may  exj^ect  that 
under  suitable  conditions  it  may  undergo  any  one  of  the 
transformations  of  which  energy  ia  susceptible. 
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CHAPTER   II. 
THERMOMETR  Y. 


6.  Temperature.      It  is  now  necessary  to  state  more  ac- 
curately what  we  mean  by  temperature.      We  have  seen 
that,  when  two  bodies  at  different  temperatures  are  placed 
in   thermal   communication   with   each   other,  there    is   a 
transfer  of  heat  from  the  hot  body  to  the  cold  one.     If, 
then,  we  take   a   body,  at   some   fixed  temperature,  as  a 
standard  {e.g.,  the  temperature  of  melting  ice),  and  place 
other  bodies  in  contact  with  it,  it  will  be  found  that  the 
transfer  of  heat  will  be  to  the  ice  if  the  body  is  hotter 
than  the  ice  (a  positive  transfer),  and  from  the  ice  if  the 
body  is  colder  than  the  ice  (a  negative  transfer),  and  that 
the  amount  of  this  transfer  will  depend  on  the  difference 
between  the  temperature   of   the  body  and   the  standard 
temperature.     We  may,  then,  define  the  temperature  of  a 
body,  on  any  scale,  to  be  the  thermal  state  of  that  body  with 
reference  to  its  power  of  communicating  heat  to  a  substance 
kept  at  a  standard  temperature  which  is  the  zero  of  the  scale. 
In  this  way  all  temperatures  higher  than  zero  must  be 
considered  positive  and  all  below  negative,  because  in  one 
case  the  transfer  of  heat  to  a  substance  kept  at  the  standard 
temperature  would  be  positive  and  in  the  other  negative. 
As  a  direct  consequence  of  this  definition  of  temperature, 
we  may  state  that  difference  of  temperature  is  the  condition 
of  flow  of  heat  from  one  body  to  another,  just  as  difference  of 
level  is  the  condition  of  flow  of  water  from  one  point  to 
another.    The  direction  of  the  flow  is  always  in  the  direction 
of  the  fall  of  temperature.     Substances  are  said  to  be  at 
the  same  temperature  when  no  transfer  of  heat  takes  place, 
when  they  are  put  in  contact  with  one  another. 
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7.  Preliminary  idea  of  a  thermometer.     We  have  ^eeu 

that  it  is  possible  to  get  some  idea  of  the  temperature  of  a 
body  by  taking  note  of  its  change  of  volume,  so  long  as  this 
change  of  volume  is  simultaneous  with  change  of  tempera- 
ture. When  we  further  remember  that  heat  may  be 
transferred  from  one  body  to  another,  the  transfer  taking 
place  from  the  hot  to  the  cold  body  until  they  reach  a 
common  temperature,  we  see  that  one  body  may  not  only 
indicate  its  own  temperature,  but  also  that  of  any  other  body 
with  which  it  is  in  contact.  For  example,  the  iron  rod 
mentioned  in  Art.  6  might  be  taken  into  the  different  rooms 
of  a  house,  and,  if  sufficient  time  be  allowed  in  each  case 
for  it  to  take  the  temperature  of  the  room,  its  length  in 
any  particular  room  would  be  a  definite  indication  of  the 
temperature  of  that  room.  If  an  apparatus  similar  to 
that  shown  in  Fig.  3  be  placed  in  a  vessel  of  water  at  the 
ordinary  temperature,  the  extremity  of  the  liquid  column 
will,  in  a  short  time,  take  up  a  fixed  position  in  the  stem 
of  the  bulb.  This  position,  which  may  be  denoted  by  A, 
corresponds  to  the  common  temperature  of  the  bulb  and 
the  water  in  which  it  is  placed.  Let  the  apparatus  Ije  now 
placed  in  a  vessel  of  hot  water ;  the  top  of  the  column  will, 
after  a  slight  fall  due  to  the  sudden  expansion  of  the  bulb, 
gradually  rise  and  finally  take  up  another  fixed  pasition,  B, 
in  the  stem.  This  position  again  corresponds  to  the  common 
temperature  of  the  bulb  and  the  water  in  which  it  is  placed. 
Now  to  each  }X)sition  intermediate  between  A  and  B  there 
corresponds  a  definite  temjierature,  and  this  suggests  the 
idea  that  by  carefully  graduating  the  stem  we  may  establish 
an  arbitrary  .scale  of  temperature,  to  which  the  temperature 
of  any  lx)dy,  within  the  limits  of  our  scale,  may  be  referi'ed. 
Any  apparatus  constructed  on  these  principles  may  be  called 
a  thermometer. 

8.  Fixed  points  of  reference  on  a  thermometric  scale. 
On  consideniticni  it  will  be  seen  that  the  scale  of  Unu- 
perature  reforretl  to  in  the  preceding  article  is  altogether 
arbitrary.  Tlie  liquid  in  the  bulb  is  not  s}iecifie<l,  an<l 
the  upper  and  lower  jxjints  an;  (juite  indefinite.     We  have 
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also  seen  (Ai-t.  5)  that  the  indications  of  the  expansion  of 
a  liquid   in  a  vessel  depend   on  the  expansibility  of  the 
matiiial  of  the  vessel.     Hence,  the  material  of  the  bulb 
should  also  be  specified.     If,  then,  a  number  of  different 
people   constructed    thermometers    in   the   way   described 
above    the  temperature  indications  given  by  each  instru- 
ment would  not  admit  of  comparison  except  by  direct  ex- 
periment.    This  difficulty  will,  however,  be  solved  to  some 
extent  if  it  be  decided  to  employ  a  particular  liquid  in  a 
bulb  of  specified  material,  and  if  two  standard  tempera- 
tures, which  can  be  easily  produced  and  referred  to    are 
chosen  as  fixed  points  on  the  scale.     For  reasons  which  we 
shall   consider,  when  prepared   to  do  so    the  liquid  most 
generally  employed  in  the  construction  of  thermometers  is 
mercury,  and   the   two  temperatures   taken   as   points   of 
reference  are  the  temperature  of  melting  ice  and  the  tem- 
perature of  the  steam  given  off  by  water  boihng  under  the 
normal  atmospheric  pressure.     It  is  found  that  the  tern- 
perature  at  which   ice   melts   at  the  normal  atmospheric 
pressure  is  perfectly  constant ;  it  vanes  very  slightly  with 
the  pressure,  but  the  variation  for  ordinary  cases  is  quite 
negligible.      The  temperature  of  the  steam  given  off  by 
boiling  water  depends,  as  we  shall  see,  on  the  pressuje  ^^ 
which  boiling  takes  place;  hence,  it  is  necessary  to  define 
the  pressure   in  choosing  this  standard  temperature.      It, 
now,  the  apparatus  of  Fig.  3,  having  ^^^^^^^  ^.^  *^^^^,f^^' 
be  placed  in  a  vessel  and  quite  surrounded  ^^h  melt^f 
ice,  the  end  of  the  column  in  the  stem  will  become  stationary 
at  a  certain  point,  A.     If  it  next  be  taken  out  and  placed 
in  the  steam  from  water  boiling  under  normal  atmospheric 
pressure,  the  end  of  the  column  will  become  stationary  at 
another  point,  B,  in  the  stem.     These  two  points,  A  and  B 
respond  to  defi'nite  temperatures,  which  can  be  -produced 
and   referred  to   at  any  time   or   m  any  P^-^^-^^/^^;^ 
remains  now  to  decide  upon  a  plan  of  graduation  of  the 
stem  between  and  beyond  the  PO-ts  A  and  B,  and  to  devise 
means  for  the  accurate  carrying  out  of  this  plan,  in  ordei 
to  obtain  a  practical  scale  of  temperatuie  comparable  in  its 
indications  with  other  scales  similarly  constructed. 


THERMOMETRY. 


13 


I 


Fig.  6. 


9.  The  mercurial  thennometer  (Fig.  5).  We  shall  now 
consider,  more  in  detail,  the  construction  of  a  mercurial 
thermometer,  the  general  idea  of  which  has  been  developed 
in  the  preceding  paragiaphs.  This  instrument 
consists  essentially  of  a  glass  tube  called  the  stem, 
of  very  fine  bore  and  thick  walls,  and  terminating 
in  a  reservoii-  with  thin  walls  which,  whatever  its 
shape  may  be,  is  called  the  bulb.  The  bulb  and 
part  of  the  stem  are  filled  with  mercury,  and  the 
variations  in  temperature  are  indicated  by  the 
change  of  position  of  the  end  of  the  column  of 
mercury  in  the  stem,  referred  to  a  scale  attached 
to,  or  engraved  on,  the  stem.  For  accurate 
purposes  the  scale  is  always  engraved  on  the 
stem. 

Constructioji  of  the  thermometer.  A  length 
of  thick  capillary  tubing,  having  as  uniform  a 
bore  as  can  be  found,  is  taken  and  well  washed, 
fii*st  with  nitric  acid,  then  with  water,  and  finally 
dried  by  a  current  of  hot  air.  Before  proceeding 
to  construct  the  instrument,  it  is  well  to  make  a  preliminary 
test  of  the  uniformity  of  the  bore  of  the  tube  chosen. 
For  this  purpose  a  short  thread  of  mercury  about  an  inch 
long  is  introduced  into  the  tube.  This  is  done  by  attaching 
to  one  end  of  the  tube  a  small  india-rubl^er  ball  (Fig.  fi). 
By  squeezing  the  air  out  of  the  ball  and  dipping 
the  othei-  end  of  the  tube  into  mercury,  a  small 
quantity  will   rise  into  the  tube,   and,   with   a 

6     little  management,  a  thread  the  desired  length 
may  l)e  got  into  the  bore  and  moved  into  any 
part  of  the  tube.     This  done,  the  length  of  the 
thread    is    measured    by   suitable    means    in  a 
particidar  position  in  the  tulx? ;  the  thread  is 
then  moved  into  some  other  position  and  again 
measured,   and  so  on.      If  the  length  remains 
pj    g         constant  for  diflferent  positions,  it  is  evident  that 
the  bore   must   be   perfectly  uniform.     This  is 
never  found  to  be   the   case  with   any  tube    and    if   the 
differences  in   length   are   very   great  the   tube   must   be 
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rejected  and  another  tried.     When  finally  a  suitable  tube  is 
obtained,  one  end  is  heated  till  melted,  and  is  then  blown 
into  a  bulb  by  forcing  air  in  at  the  other  end  of  the  tube 
by  means   of   an   india-rubber   ball.      The   shape   of   this 
reservoir  bulb  is  different  for  different  instruments,  but  the 
most  usual  and  convenient  form  is  a  cylinder  of  the  same 
external  diameter  as  the  tube.    The  size  will  depend  on  the 
purpose  the  thermometer  is  intended  to  serve.     The  larger 
the  reservoir  the  longer  will  be  the  degrees  of  the  scale. 
In  order  to  introduce  the  mercury  into  the  reservoir  a  bulb 
is  blown  at  the  upper  end  of  the  tube  and  drawn  out  into 
a  fine  point  (Fig.  7).     This  bulb,  and  also  the  reser- 
1     voir,  are  gently  heated  and  then  allowed  to  cool  with 
A    the  drawn-out  point  immersed  in  a  vessel  of  mercury  ; 
if    as  the  air  inside  the  bulbs  gradually  cools,  the  pressure 
becomes  less  than  the  external  atmospheric  pressure, 
and  a  quantity  of  mercury  is  forced  up  into  the  nearer 
bulb.      The  tube  is  now  inverted,  and  by  alternate 
heating  and  cooling  of  the  reservoir  a  portion  of  the 
mercury  in  the  upper  bulb  descends  into  the  lower. 
This  being  done,  the  tube  is  next  laid  on  a  sloping 
furnace,  arranged  so  as  to  heat  it  uniformly  through- 
out its  entire  length.     In  this  position  the  mercury 
boils,   and  its  vapour  expels  the  air,  which  bubbles 
through  the  mercury  in  the  upper  bulb.      All  traces 
of  air  and  moisture   are    thus  removed,  and   when 
^'^'  '  the  tube  is  allowed  to  cool  the  mercury  in  it  forms 
a  continuous  column,  filling  the  reservoir,  stem,  and  portion 
of  the  upper  bulb.     The  excess  of  mercury  in  the  last  is 
poured  off",  and  the  tube  is  then  heated  a  little  above  the 
highest  temperature  it  is  intended  to  indicate.    The  mercury 
now  completely  fills  the  stem,  and  while  it  does  so  a  blow- 
pipe flame   is   brought  to  bear  upon  the  tube  just  below 
the    temporary  bulb,  which    is    thus   fused   off  and    the 
thermometer  finally  closed.     The  instrument  is  now   ready 
for   graduation  ;   but    it   is   better   to   keep    it  from  four 
to   six   months  before  doing  so,   because  when  glass  has 
been  heated  to  a  high  temperature  it  takes  a  long  time 
(in    some   cases,    years)    to  recover    its    original    volume. 
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As  a  preliminary  to    graduation   it  will    be  neoes-sary  to 
mark   on    the   stem    the   pasition    of    the    thread    corre- 
sponding  to  the   two   standard   temperatures   referi'ed  to 
above.    This  process  is  known  as  the  determination 
of  the  fixed  points.  i 

Determination  of  the  Jioced  points,  (a)  Freezing  | 
point.  To  determine  this  point  the  thermometer 
is  placed  in  a  cylindrical  vessel  (Fig.  8),  and  the 
resenoir  and  the  lower  part  of  the  stem  are 
completely  surrounded  by  melting  ice.  When  the 
level  of  the  mercury  becomes  perfectly  station ar}% 

a  fine  mark  is  made 
on  the  stem  at  the 
extremity  of  the 
column.  This  is  one 
of  the  fixed  reference 
points  on  the  scale, 
and  indicates  the 
temperature  of  melt- 
ing ice.  {h)  Boiling  point. 
In  order  to  mark  this  second 
point  on  the  thermometer 
the  apparatus  shown  in  Fig.  9 
is  used.  It  is  made  of  copper, 
and  the  steam  from  water 
boiling  in'the  lower  part  circu- 
lates round  the  double  casing 
of  the  upper  part,  and  finally 
cs«ii)es  by  a  side  tube  near 
the  bottom  of  the  out«r  ca.siDg. 
The  thermometer  is  passed 
through  a- cork,  and  placed  in 
the  apparatus  in  the  position 
indicated  in  Fig.  9.  After 
some  time  the  mercury  be- 
comes stationary,  and  the 
thermometer  is  adjusted  so  that  the  top  of  the  mei-cury 
column  is  just  seen  alwve  the  cork;  its  position  is  then 
marked,  an<l    the   second    reference   point   on    the  scale  is 
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thus  determined.  It  indicates  the  temperature  of  steam 
from  water  boiling  under  the  atmospheric  pressure  indi- 
cated by  the  barometer  at  the  time  of  the  determination. 
For  the  present,  we  shall  suppose  this  to  be  normal.*  It 
should  be  noticed  that  the  thermometer  is  placed  in  the 
steam  and  not  in  the  boiling  water.  It  has  been  found 
that  the  temperature  of  boiling  water  depends  on  a  variety 
of  circumstances;  whereas  the  temperature 
of  the  steam  depends  only  on  the  pressure  at 
which  boiling  takes  place. 

Graduation.  The  two  reference  marks  being 
thus  obtained,  it  remains  to  graduate  the  space 
between  them,  and  to  continue  the  division 
throughout  the  whole  length  of  the  stem.  A 
zero  point  is  then  chosen,  and  the  divisions 
below  it  are  marked  negative,  and  those  above 
positive  (Art.  6).  There  are  three  different 
scales  of  graduation  now  in  use;  and  as  we 
may  have  temperatures  expressed  in  any  one 
of  these  scales,  it  will  be  necessary  to  consi- 
der them.  They  are  called  the  Centigrade, 
Fahrenheit,  and  Reaumur  scales  (Fig.  1 0). 

For  the  Centigrade  scale  we  are  indebted  to 
Celsius.  On  it  the  freezing  point  is  taken  as 
zero,  and  marked  0°;  the  boiling  point  is 
marked  100°.  The  space  between  the  fixed 
points  is  thus  divided  into  100  equal  divisions, 
called  degrees.  Graduation  on  the  same  scale 
is  extended  beyond  the  reference  points;  and 
divisions  below  zero — i.e.,  below  freezing  point 
— are  considered  negative,  and  those  above, 
positive.  This  scale  is  the  one  most  generally  used  for 
scientific  purposes. 

The  Fahrenheit  scale  was  introduced  by  Fahrenheit  of 
Dantzig,  about  the  year  1 714.  On  it  the  freezing  point  is 
marked  32°,  and  the  boiling  point  212°,  the  space  between 
being  divided  into  180  equal  degrees,  and  the  division 
*  The  normal  atmospheric  pressure  is  that  indi-^ated  by  a  height  of 
760  mm.  in  the  mercury  barometer. 
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extended  above  and  below  the  fixed  points.  In  this  method 
of  division  the  zero  is  at  a  point  32°  below  the  fi*eezing 
point;  it  is  supposed  to  indicate  the  lowest  temperature 
which  can  be  got  by  mixing  snow  and  salt.  This  scale 
is  very  generally  used  for  the  purposes  of  ordinary  life,  and, 
to  some  extent,  for  those  of  science. 

On  the  Reaumur  scale  the  freezing  point  is  taken  as  zero, 
and  marked  0",  and  the  boiling  point  is  marked  80°.  There 
are  thus  80  equal  divisions  between  the  fixed  points  on  this 
scale.  It  is  used  in  several  European  countries  for  medical 
and  domestic  purposes. 

We  have  spoken  above  of  dividing  the  space  between  the 
fixed  points  into  so  many  eqiial  divisions.  This  must  be 
understood  to  mean  that  the  volume  of  the  bore  between 
any  two  consecutive  divisions  is  equal.  If  the  bore  were 
perfectly  uniform,  it  would  only  be  necessary  to  have  the 
divisions  of  equal  length  ;  and  in  ordinary  cases  this  is  how 
the  division  is  effected.  For  accurate  purposas  however, 
it  will  be  necessary  to  calibrate  the  tube.  This  is  a  compli- 
cated process,  into  the  details  of  which  we  cannot  here  enter. 
The  principle  of  the  method  employed  is  the  same  as  that 
which  we  have  seen  applied  in  testing  the  uniformity  of  the 
bore  of  the  thermometer  tube.  A  short  thread  of  mercury,  a  6, 
the  volume  of  which  is  necessarily  constant,  is  moved  fi*om 
one  end  of  the  tube  to  the  other  in  such  a  way  that  the  end  a 
is,  at  each  move,  brought  into  the  exact  position  previously 
occupied  by  b.  Its  length  is  accurately  measured  in  each 
successive  position,  and  then,  by  the  combined  help  of  calcu- 
lation and  the  mechanical  adjustments  of  a  dividing  engine, 
the  stem  may  be  divided  so  as  to  indicate  uniform  increase  of 
volume  of  the  contained  mercury.  It  will  be  noticed  that 
this  method  of  graduation  assumes  that  mercury  expands  uni- 
formly throughout  the  whole  range  of  temj)eratuie  indi- 
cated by  the  thermometer;  if  the  expansion  is  not  uniform, 
a  degree  on  one  part  of  the  stem  may  not  mean  the  same  as 
a  degree  on  any  other  part — e.y.,  expansion  fi*om  98°  to  99° 
on  the  Centigrade  scale  may  not  indicate  the  same  rise  of 
temperature  as  that  from  1°  to  2°  on  the  same  scale.  Ex- 
periment has  shown  that  the  expansion  of  mercury  between 
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the  fixed  points  is  very  nearly  uniform,  and  this  is  one  of 
the  reasons  why  it  has  been  chosen  as  the  standard  thermo- 
metric  substance. 


II  Different  forms  of  thermometers.  For  special  pur- 
poses various  forms  of  thermometers  are  used.  The  more 
important  of  these  are  : — 

1.  Alcohol  thermometer.  Alcohol  is  sometimes  used 
instead  of  mercury  in  the  construction  of  thermometers. 
It  has  the  advantage  that  it  can  be  employed  for  very  low 
temperatures  :  mercury  solidifies  at  —39°  C,  whereas  alcohol 
may  be  exposed  to  a  very  much  lower  temperature  without 
solidifying.  It  also  expands  much  more  than  mercury  for 
the  same  rise  of  temperature,  but  the  expansion  is  not 
uniform;  it  increases  with  the  temperature,  and  for  this 
reason  alcohol  thermometers  are  usually  graduated  by 
comparison  with  a  mercurial  thermometer. 

2.  Maximum  and  minimum  thermometers.  It  is  often 
necessary  to  know  the  highest  or  lowest  temperature 
reached  in  a  given  interval  of  time.     For 

instance,  it  is  usual  in  making  meteoro- 
logical observations  to  record  the  highest 
(maximum)  temperature  attained  during 
the  day,  and  the  lowest  (minimum)  tem- 
perature reached  during  the  night.  For 
these  purposes  maximum  and  minimum 
thermometers  are  employed. 

Sixs  maximum  and  minimum  ther- 
mometer is  one  of  the  oldest  of  its  class,, 
and  is  at  once  a  maximum  and  a 
minimum  thermometer.  Its  general  plan 
of  construction  is  shown  in  Fig.  11.  The 
bulb  B,  and  part  of  the  stem  down  to  m 
is  filled  with  alcohol.  This  is  the  real 
thermometric  part  of  the  instrument :  the 
column  of  mercury,  m  m',  which  occupies 
the  U-shaped  part  of  the  tube  merely  acts 
as  an  index.  The  cup  C  (which  is  open 
to  the  air),  together  with  a  part  of  the  Fig.  ii. 
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stem  down  to  wt',  contains  alcohol,  the  use  of  which  is  merely 
to  protect  the  index  i'.  As  the  alcohol  in  B  expands  or 
contracts  the  extremities,  m  and  m',  of  the  mercury  column 
rise  or  fall  as  the  case  may  be,  and  the  extreme  point  reachetl 
in  each  case  is  indicated  by  one  end  of  a  light  st«el  index,  t 
or  i'  (shown  on  a  larger  scale  at  1).  This  index  is  pushed 
befoi-e  the  mercury  column,  and  is  prevented  from  re- 
turning by  means  of  a  spring,  a,  which  is  just  strong  enough 
to  hold  it  in  its  place,  llie  position  of  the  index  i  evidently 
indicates  the  minimum  temperature  reached,  and  that  of  t' 
the  maximum  temperature.  When  it  is  recjuired  to  set  the 
instrument  ready  for  any  observation,  these  indices  are 
brought  into  contact  with  the  ends  m  and  m'  of  the  mercurial 
column  by  means  of  a  small  magnet.  This  instrument  is 
largely  used  by  gardeners  and  nurserymen. 

RiUherford^a  maximum  aiid  minimum  thermometers  are 
two  separate  instruments,  but  are  usually  mounted  on  the 
same  frame,  as  shown  in  Fig.  12.     The  maximum  thermo- 


Fig.  12. 

meter,  X,  is  a  modification  of  the  ordinary  mercurial 
thermometer  placed  in  a  horizontal  position.  The  maximum 
temperature  is  registered,  as  in  Six's  instrument,  by  means 
of  a  steel  index,  and  the  method  of  setting  previous  to 
taking  an  observation  is  the  same.  As  the  thermometer 
lies  horizontally,  there  is  no  necessity  to  attach  a  spring  to 
the  index.  The  maximum  temperature  will  thus  be  indi- 
cated by  the  position  of  that  end  of  the  index  which  is  uciirest 
the  bulb  of  the  thermometer. 

The  minimum  thermometer,  N,  is  an  alcohol  thermo- 
meter, and  is  the  only  minimum  thermomc^ter  in  general 
use.  It  is  placed  in  a  horizontal  position,  and  for  register- 
ing the  minimum  tem{)erature  there  is  a  small  index  of 
glass  or   emuuel,   which   allows  the   column  of  alcohol  to 
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expand  past  it  without  moving  it;  but  when  the  alcohol 
contracts,  the  index,  being  wetted  by  the  liquid,  is  drawn 
backwards  by  the  surface  film  at  the  extremity  of  the 
alcohol  column.  .The  minimum  temperature  is  thus  indi- 
cated by  the  position  of  that  end  of  the  index  which  is 
furthest  from  the  bulb.  The  instrument  is  set  by  inclining 
it  in  such  a  way  as  to  cause  the  index  to  slide  down  to  the 
end  of  the  liquid  column. 

There  is  one  important  form  of  thermometer  which  we 
have  not  mentioned  in  this  article.  It  is  the  air  thermo- 
meter. When  we  come  to  consider  what  should  be  the 
properties  of  a  perfect  thermometic  substance,  we  shall  find 
that  air  (or  some  similar  gas,  which  closely  conforms  to 
Boyle's  Law)  comes  nearest  the  required  standard,  and  is 
sometimes  used  when  very  accurate  measurements  are 
required.  More  usually  a  mercurial  thermoineter,  which 
has  been  compared  with  an  air  thermometer,  is  employed. 
We  shall  consider  the  air  thermometer  when  dealing  with 
the  expansion  of  gases. 

12.  Sources  of  error  in  a  mercurial  thermometer.  The 
more  important  sources  of  error  are : — 

1.  Change  of  zero.  In  many  cases,  if  an  ordinary  mer- 
curial thermometer,  which  has  been  made  for  some  time,  be 
placed  in  melting  ice,  it  will  be  found  that  its  indication 
is  a  little  higher  than  the  freezing  point  marked  on  the 
scale.  The  reason  of  this  is  referred  to  in  Art.  9.  If 
the  tube  has  not  been  kept  long  enough  before  graduation, 
the  gradual  contraction  of  the  bulb  after  graduation  causes 
its  interior  volume  to  decrease,  and  consequently  the  volume 
of  the  contained  mercury  at  0°,  although  constant,  appears 
to  increase,  and  the  level  of  the  column  corresponding  to 
the  freezing  point  rises.  To  correct  this  error,  it  is  only 
necessary  to  redetermine  the  freezing  point  from  time  to 
time,  and  to  deduct  the  observed  error  from  any  reading 
made  Thus,  if  zero  is  found,  some  months  after  gradua- 
tion to  be  at  0-1°  C,  and  the  reading  of  the  thermometer 
whek  placed  in  a  bath  of  water  is  64-5°  C,  the  correct 
temperature  of  the  bath  is  64*4°  C. 
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2.  Recent  Iieating.  This  is  a  temporary  source  of  error 
exactly  similar  to  that  described  above.  If  a  thermometer 
be  placed  in  steam,  or  otherwise  heated  to  a  high  tempera- 
ture, and  then  allowed  to  lecover  its  original  temperature, 
the  bulb  will  not  for  some  weeks  recover  its  original  volume; 
hence,  if  placed  in  ice,  the  freezing  point  on  the  scale  will 
appear  to  be  too  high,  owing  to  the  temporary  increase  in 
the  volume  of  the  bulb.  It  is  for  this  reason  that,  in  the 
construction  of  thermometers,  the  freezing  point  is  deter- 
mined before  the  boiling  point;  if  the  latter  were  determined 
first  and  the  former  soon  after,  the  zero  would  be  marked 
too  low  on  the  scale,  and  would  gradually  rise,  as  explained 
above  under  change  of  zero.  No  correction  is  usually  applied 
in  this  case,  as  the  error  is  merely  temporary,  and  is,  after 
a  day  or  so,  quite  inappreciable.  Care  must,  however,  be 
taken  not  to  use  the  same  thermometer  for  determining 
low  temperatures  soon  after  it  has  been  used  for  high 
temperatures. 

3.  Temperature  of  steam  at  time  of  marking  boiling 
point.  The  temperature  of  steam  depends  on  the  at- 
mospheric pressure  under  which  boiHng  takes  place.  At 
760  mm.  it  corresponds  to  100°  0.  or  212°  F.;  but  if  the 
pressure  be  greater  or  less  than  760  mm.,  the  boiling 
point  indicates  a  temperature  higher  or  lower  than  this 
tempei*ature. 

Tables  have  been  dmwn  up  from  experiments  by  Regnault 
giving  the  boiling  points  corresponding  to  a  wide  range  of 
pressures.  Hence,  if  the  barometric  height  be  read  at  the 
time  of  determining  the  boiling  point,  the  temperature 
corresponding  to  this  height  can  be  obtained  from  these 
tables,  and  the  graduation  carried  out  accordingly. 

4.  Temperature  of  the  stem.  When  a  thermometer  is  used 
to  detei-mine  a  temperature,  it  is  often  imi>08sible  to  subject 
more  than  the  bulb  and  a  small  pr^rtion  of  the  stem  to  this 
temperature.  The  upper  poi-tion  of  the  stem  is  thus  at 
a  different  tem|)oraturo  from  tho  rest  of  the  tube,  and  conse- 
quently the  reading  will  bo  slightly  different  from  what  it 
would  be  if  the  whole  thennometer  t<x)k  up  the  tempera- 
ture it  is  intendoil  to  indicate.      If  a  tluM-nionictcr   indicate 
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a  temperature  T  when  placed  in  a  bath,  and  have  n 
di\dsions  of  the  mercury  column  outside  the  bath,  at  a 
temperature  <,  then  the  true  temperature  of  the  bath,  T',  is 
given  by — 

T'  =  T  +  n{r-t)c,* 

where  c^  is  the  mean  co-efficient  of  apparent  expansion  of 
mercury  in  glass.  (For  proof  of  this  correction  see  Ex. 
V.  4.     It  is  a  simple  problem  in  expansion.) 

5.  A  thermometer  should  always  be  read  in  the  position 
in  which  it  was  graduated  ;  for  if  the  bore  be  very  fine  and 
the  bulb  thin,  the  influence  of  the  weight  of  the  contained 
mercury  on  the  volume  of  the  bulb  may  cause  an  appreciable 
change  of  the  reading  when  the  position  of  the  instrument  is 
altered. 

6.  Theoretically,  corrections  should  be  made  for  the 
pressure  of  the  air  at  the  time  of  determining  freezing 
point,  and  also  for  the  influence  of  external  pressure  on 
the  volume  of  the  bulb ;  but  these  sources  of  error  are, 
under  ordinary  conditions,  quite  inappreciable. 

*  The  difference  between  T  and  T'  is  so  small  that  the  more 
convenient  formula,  T'  =  T  +  %  (T  —  ^)t'a  ,  may  be  used  with 
sufficient  accuracy. 
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13.  It  is  often  necessary  to  convert  temperatares  expressed  in  one 
scale  into  the  corresponding  temperatures  on  either  of  the  other 
scales.  In  doiug  so  there  are  two  things  to  be  noticed:  (1)  Since 
the  interval  of  temperature  between  the  freezing  and  boiling  points  is 
constant,  it  follows  that  180  Fahrenheit  degrees  =  100  Centigrade 
degrees  =  80  Reaumur  degrees.  (2)  The  zero  of  the  Fahrenheit  scale 
is  32  degrees  below  fi-eezing  point — i.e.,  40°  F.  indicates  a  tempera- 
ture 8  degrees  F.  above  freezing  point.  If,  therefore,  F,  C,  and  R  denote 
corresponding  ^readings  on  the  Fahrenheit,  Centigrade,  and  R^umur 
scales  respectively,  we  have  that  (F-32),  C  and  R  denote,  in  each 
case,  the  number  of  degrees  the  given  temperature  is  above  freezing 
point.     Hence,  from  (1)  above — 

(F-  32)   :  C  :  R  ::  180  :  100  :  80. 
That  is— 

(F-  32)  :  C  :  R  ::      9  :      5  :    4. 

This  proportion  may  be  written  thus— 

(F-32)_C      R 
9        "  6"i' 
This  should  be  rcmemberetl,  and  applied,  in  all  cases  where  it  is 
required  to  convert  temperatures  from  one  scale  into  another. 

Examples  I. 

1.  Find  the  temperature,  on  the  Fahrenheit  scale,  corresponding  to 
40°  C. 

Here  the  two  scales  involved  are  Fahrenheit  and  Centigrade.  Hence, 
we  write — 


F  -  32  _  C 
»           5* 

Substituting  ■ 

10  for  C. 

]wc  have — 

Or- 

Tlierefore— 
That  is,  40P  C, 

P  -  82      40      Q 

F  -  82  =  72. 

F  -  104. 
.  corresponds  to  104°  F 
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2.  Find  the  temperature,   on  Reaumur's  scale,  corresponding  to 
-40°  F. 

As  above — 


Here — 


Or— 


That  is- 


F-  32 

R 

9 

-4" 

-40-32 
9 

^R 
4' 

-72  _ 
9 

R 
4* 

R  _ 

4 

-8. 

Or- 


R  -=  -32. 


8.  Find  what  temperature,  on  Fahrenheit's  scale,  is  represented  by 
the  same  number  on  the  Centigrade  scale. 

Again — 

F  -  82      C 

9       -  5* 

Let  T  denote  the  required  temperature. 

Then— 

T  -  32        T 


9  5 

Or— 

5T  -  160  =  9T 

4T  =  -160.     .-.  T  =  -40. 

Hence  -  40°  C.  corresponds  to  -40°  F. 

4.  Find  the  temperatures  on  each  of  the  two  other  scales  correspond- 
ing to — 

(1)   -70°C.     (2)  76°  F.     (8)  -24°  R.  (4)  0°  C.      (5)  50°  F. 
(6)  68°  F.        (7)  64°  R.     (8)  92°  C.       (9)  14°  F.  (10)  50°  R. 

14.  Before  reading  the  following  chapters  on  expansion,  it  will  be 
well  for  the  student  to  thoroughly  master  the  following  points  :— 

1.  The  square,  or  cube  (or  higher  power)  of  any  small  quantity,  or 
the  product  of  two  small  quantities,  is  negligibly  small. 

Thus— 

(•0002)2  =  -00000004. 
(-0002)='  =  -OOOOOOOOOOOS. 
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Also— 

•0002  X  -0003  =  -00000006. 
It  is  evident  that  if  the  quantities  '0002  and  -0003  are  fmall  com- 
pared with  any  quantity,  then  these  three  products  are  negligibly 
tmall  compared  with  the  xame  quantity. 

2.  Suppose  a  and  /3  to  be  small  quantities,  compared  trith  unity, 
and  consider  the  following  relations— 

(l  +  ar  =  H-2a  +  al 
Now,  by  (1),  o'  is  negligible  ;  hence — 

(l  +  ay=14-2a; 
and,  similarly — 

(1  -I-  a)»  =  1  +  3a  +  3a=  +  a«  =  1  +  3a. 
Also— 

(l+a)(l  +/3)  =  l  +  a  +  /3+a/3  =  l  +  a+/9 
(a/3  being  negligible  as  the  product  of  two  small  quantities) 

1  —  a  -f  o'  -  a'  +,  etc.,  by  actual  division,  i.e.,  r— ; —  =  1  -  a. 


1  +a  ■  .  '         '    .  '—'l^a 

I±^  =  1  +  a-/3-a/3+,etc.,  =  I  +  a-/9. 

It  may  be  useful  to  tabulate  these  approximate  results  for  future 
use  and  reference. 

(l+a)(14-^)  =  l+a  +  /3. 


Or  generally — 


(1  ±  o)  (1  ±  /3)  =  1  ±  a  ± 
(I  ±  a)2  =  1  ±  2a. 
(1  ±  a)»  =  1  ±  3a. 

1  ,  1 


1-fo  1-a 

1+a 


=  1  +  0. 


KX AMPLER  II. 
Find  the  approximate  value  of — 


(1)  (HKK)024)  (1(K>0()«5).     [(1  +  a)  (1  +  /3)]. 

(2)  (1 -00018)   (•1W.>H2;.         [(1  +  a)  (1  -  ^)J. 

(3)  (ltXK)35)« ;  (-»991)b7)'.     [(I  +  a)Vl  -  o)'J. 

(4)  _1 .        _L..  \(-J^\    (-^^\\ 

1-000026  *       0-9987  L\l  +  «/      \1  -  «/ J 

(fj)  100016.        1-00018  rL±«-       1±^1 

1-00004 '        0-99986'  L 1  +  /*  *       1  -  /!*  J  * 

(6)  joopi  +  100000064)1 .       100      r_« 1    -) 

Ll  -'26(000008) J  •     1-00016  ■   Ll  +  a""     1 +aj' 


26  HEAT. 


CHAPTER   IIT. 

EXPANSION  OF  SOLIDS. 

15.  We  have  seen  that,  in  general,  all  bodies  expand 
under  the  inflnence  of  heat.  It  is  now  necessary  to  deal 
with  this  question  more  in  detail,  and  to  consider  the 
experimental  methods  which  have  been  adopted  in  investi- 
gating it.  We  shall  begin  by  considering  the  expansion 
of  Folids.  When  a  solid  body  expands  we  have,  simul- 
taneously with  the  increase  of  volume,  a  corresponding 
increase  in  each  dimension.  If  we  consider  the  expansion 
of  one  dimension  {e.g.^  length),  we  have  linear  expansion ;  but 
when  we  consider  the  expansion  of  a  body  as  a  whole — that 
is,  its  increase  of  volume — we  have  cuhical  expansion. 

16.  Coefficient  of  expansion.  Suppose  a  body,  of  volume 
V^  at  0°  C,  to  be  heated  to  t°  C,  and  that  its  volume  at 
this  temperature  is  denoted  by  Y^.  Then,  the  increase  of 
volume  for  f  C  rise  of  temperature =V4—V^.     Hence,  the 

V  —V 

average  increase  for  1°  C.  is  — ^,   and   the   increase   of 

t 

volume,  per  unit  volume  at  0°,  for  1°  C.  rise  of  temperature 

V  _v 
is  — *^=^-— * .    This  is  the  mean  coefficient  of  cuhical  expansion 

of  the  body  between  0°  and  t°.  It  may  be  defined,  for  any 
substance,  between  given  limits  of  temperature,  as  the  ratio 
of  the  average  increase  of  volume  of  a  mass  of  that  sub- 
stance, for  1°  C*  rise  of  temperature,  to  the  volume  of  th^ 

•  CoeflBcients  of  expansion  are  generally  defined  with  reference 
to  the  Centigrade  scale,  but  any  scale  may  be  chosen.  If  c  denote 
the  coefficient  of  expansion  of  a  given  substance,  referred  to  the 
Centigrade  scale,  then  |o  and  ^c  represent  the  coefficient  of  expan- 
sion for  the  same  substance  referred  to  the  Fahrenheit  and  K6aumur 
scales  respectively. 
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same  mnss  at  0°  C.  Let  it  be  denoted  by  c  Then  we 
have   -  ^^  =c,  or,  V,- V.= V.c^.    /.  V,=V.(l+c«).    This 

formula  establishes  a  relation  between  V^  V^,  c  and  <, 
which  serves  to  determine  any  one  when  the  others  are 
given. 

Similarly,  if  L^  and  L^  denote  the  lengths  of  a  rod 
at  0°C.    and  <°C.,   we  have,   in   exactly   the  same  way, 

j-j*    =  /,    where  I  is  the  mean  coefficient  of  linear  ex- 

pansion  between  0°  C.  and  f  C.  This  coefficient  may  be  de- 
fined, for  any  substance,  between  given  limits  of  temperature, 
as  the  ratio  of  the  average  increase  of  length  of  a  bar  of  that 
substance,  for  1°  C.  rise  of  temperature,  to  the  length  of  the 
same  bar  at  0°  C.  As  in  the  case  of  cubical  expansion  we 
have  between  L„  L„,  I  and  t,  the  relation  L,=  L<,(1  +  It). 

17.  Relation  between  linear  and  cubical  expansion. 
Suppose  we  have  a  cute  of  metal,  of  unit  edge,  and  of  unit 
volume.  liOt  its  temperature  be  raised  through  1°  C. 
Then,  using  the  notation  of  preceding  article,  the  length  of 
each  edge  would  be  (1  +0>  ^^^  *'^^®  volume  becomes  (i-\-c). 
But  the  volume  of  a  cube  of  edge  equal  to  (1  +  Z)=(1  +/)^ 
Hence,  we  may  write  (l-|-c)=(l +Q^  Now,  experiment 
has  shown  that  ^  is  a  very  small  quantity,  compared  with 
unity.  Hence  [Art.  14  (2)]  we  have  1  +c=(H-Z)3=l  +3/, 
or  c=3/.  That  is,  the  mean  coefficient  of  cubical  expansion 
of  a  solid  is  approximately  equal  to  three  times  the  mean 
coefficient  of  Hnear  expansion  of  the  same  solid. 

18.  Experimental  determination  of  linear  expansion. 
Many  methcMls  have  been  devised  for  determining  the  linear 
expansion  of  different  substances.  All  the  methods  have 
some  points  in  common  which  it  will  be  well  to  notice. 

1.  In  each  method  a  bar  of  the  substanfe,  whoso  ex- 
pansion is  to  l)o  determined,  is  placed  in  a  trough,  and  fii-st 
8urrounde<l  with  melting  ice  to  give  it  a  temperature  of 
0**  C,  an<l  then  raised  tf)  a  temperature  f  C.  by  covering  it, 
in  the  trough,  with  water  at  i^  C.  i 
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2.  The  length  of  the  bar  is  accurately  measured  at 
0°  C.  and  t°  C.  The  difference  of  tlie  measurements  thus 
taken  gives  the  expansion  of  the  bar  for  a  ri^'e  in  tempera- 
ture of  e  C. 

This  difference  is  very  small,  and  hence  very  accurate 
measurement  is  required,  and  it  is  in  the  means  adopted 
to  secure  accuracy  that  the  apparatus  used  by  different 
experimenters  chiefly  differ. 

Two  methods  of  measurement  are  possible.  (a)  To 
employ  very  accurate  instruments  specially  adapted  to  the 
measurement  of  small  lengths,  and  thus  measure  the  in- 
crease in  length  directly.  {h)  To  mechanically  magnify 
the  increase  in  length  in  some  known  ratio.  The  magnified 
indication  may  then  be  measured  by  ordinary  means,  and 
the  real  increase  of  length  deduced  from  this  measurement 
and  the  known  scale  of  magnification. 

Laplace  and  Lavoisier  employed  this  latter  method,  and 
Roy  and  Eamsden,  in  a  more  reliable  research,  adopted  the 
direct  method. 

The  method  of  Laplace  and  Lavoisier.  The  principle 
of  the  method  employed  by  these  experimenters  is  shown 
in  Fig.  14.     The  bar,  A  B,  to  be  experimented  on  is  sup- 


B A 


WV^^WA 


wdiiiYir/a,  Y/m///<i<'//^<, 


Fig.  14. 


ported  on  rollers,  r  r,  in  a  trough,  R  R  R.  One  end,  A, 
abuts  on  a  solid  support  at  one  end  of  the  trough :  the 
other  end,  B,  is  in  contact  with  a  lever,  0  Z,  capable  of 
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rotation  about  an  axis  at  O  and  rigidly  attached  to  a  tele- 
scope, T  O  T,  which  can  be  fociissed  on  the  sciile,  S  S'.  The 
end  A  of  the  bar  is  thus  fixed,  and  hence,  on  expansion,  the 
end  B  advances,  pushing  before  it  the  lever,  0  /,  and  its 
attached  telescope.  In  this  way  a  very  small  motion  of 
the  end  B  causes  the  line  of  sight  of  the  telascope  to 
travel  over  a  considerable  length  of  the  scale,  SS'.  To 
make  the  determination,  the  trough,  R  R  R,  is  filled  with 
water,  which  is  reduced  to  0°  C.  by  adding  pieces  of  ice  in 
such  a  manner  as  not  to  interfere  with  the  motion  of 
the  bar  on  the  rollers.  When  the  temperiiture  remains 
stationary  at  0°  C.  (as  indicated  by  theimometers  place<l  in 
the  trough),  the  telescope  is  focussed  on  the  scale,  and  the 
division  appearing  in  the  centre  of  field  of  view  is  noted. 
Warm  w^ater  is  then  put  in  the  trough,  and  when  a  uniform 
temperature,  f  C,  is  attained,  the  telescope  is  again 
focussed,  and  the  reading  on  the  scale  noted  as  before. 

To  show  how  the  expansion  may  be  calculated  from  these 
observations,  we  may  take  the  simple  case  shown  in  the 
figure.  I^t  the  continuous  lines  denote  the  pasitions  of 
the  diflerent  parts  of  the  apparatus  at  0°  C,  and  let  the 
dotted  lines  denote  the  changas  in  position  due  to  expansion. 
Then  from  the  readings  on  the  scale  the  distance,  SS', 
is  known,  and  it  is  required  to  find  BB'.    The  triangles 

B  0  B'  and  SOS'  are  similar ;  therefore  we  have  g-gr  =  Qg* 

The  distances  O  B  and  O  S  can  be  measured,  and,  as  SS'  is 
known,  BB'  can  be  calculated.     The  coefficient  of  linear 

expansion  is  given  by  ^  ^^  ^  ^ ;  B  B'  is  determined  as  above, 

A  B  must  be  measured  at  0°  C,  and  t  is  given  by  the  ther- 
mometers in  the  trough.  Laplace  and  Lavoisier  measured 
the  coefficient  of  linear  expansion  of  a  grent  number  of 
solids  by  this  method. 

An  objection  to  the  method  is  that  it  is  very  difficult  to 

O  H 

determine  the  ratio  ^  g  with  any  accuracy. 

The  measurement  of  the  cubical  ex)>ansion  of   solids  ik 
usually  an  indirect  process,  and  will  be  considered  after  the 
don  of  liquids  has  been  dealt  with. 
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19.  Practical  precautions  necessary  on  account  of 
expansion  of  metals  by  heat.  The  expansion  of  metals 
is  very  frequently  a  source  of  trouble.  Thus,  in  construct- 
ing  a  railway,  small  spaces  have  to  be  left  between  the 
metals  to  allow  for  expansion  due  to  the  extreme  yearly 
range  of  temperature.  Similarly,  allowance  must  be  made 
for  expansion  in  constructing  an  iron  bridge,  and  it  is  often 
difficult  to  secure  rigidity  and  yet  allow  each  part  freedom 
of  expansion.  The  tubular  girders  of  the  Britannia  Bridge 
are  Inounted  on  rollers  at  each  end,  so  that  they  may  be 
free  to  expand,  without  straining  the  structure.  For  the 
same  reason,  the  joints  of  water  pipes  and  gas  mains  are 
made  like  those  of  a  telescope.  If  furnace  bars  are  firmly 
fixed,  they  become  bent,  owing  to  the  expansion  which  they 
undergo  on  heating ;  for  this  reason,  the  ends  of  the  bars 
should  be  free  to  move  in  the  direction  of  their  length. 
Metal  castings  often  break  in  cooling,  on  account  of  one 
part  cooling  more  rapidly  than  another,  and  thus  producing 
great  strains  in  the  metal.  For  example,  in  casting  a 
wheel,  with  a  thin  rim  but  massive  arms,  the  rim  solidifies 
and  cools  much  more  quickly  than  the  arms,  and  as  a 
consequence  the  contraction  of  the  latter  is  opposed  by  the 
rim,  and  a  stress  is  set  up  which  may  fracture  the  rim  or 
one  or  more  of  the  arms.  To  avoid  this,  the  arms  are  often 
bent,  so  that  the  strain  thus  produced  is  relieved  as  they 
straighten.  In  all  measurements,  made  by  metal  rods  or 
chains,  the  temperature  must  be  noted,  and  a  correction 
applied.  The  imperial  standard  yard  is  the  distance,  at 
02°  F.,  between  two  fine  lines  engraved  on  gold  plugs,  which 
are  inserted  into  a  bronze  bar  kept  in  the  Exchequer  Chamber. 

In  the  construction  of  clocks,  chronometers,  and  watches 
of  the  best  kind,  great  precaution  has  to  be  taken  to 
obviate  the  effects  of  expansion  on  the  time-keeping  part 
of  the  mechanism.  The  rate  of  a  clock  is  generally  con- 
trolled by  a  pendulum,  whose  time  of  vibration  varies  as 
the  square  root  of  its  length,  or,  more  accurately,  as  the 
square  root  of  the  distance  between  its  centres  of  oscilla- 
tion and  suspension.  If  the  temperature  varies  this  distance 
varies,  and  the  clock  goes  *  slow  "  as  the  temperature  rises 
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Fig.  18. 


and  "  fast "  as  the  temperature  falls.     Compensatiug  i>en- 
duluuis  are  constructed  to  prevent  this  change  , 

of  rate  with  change  of  temperature. 

Harrisons  gridiron  peiululum  (Fig.  18)  is 
the  best-known  form.  It  consists  of  four 
oblong  frames  arranged  as  shown  in  figure. 
The  vertical  rods  are  alternately  of  steel  (S) 
and  brjiss  (B).  The  central  steel  rod  passes 
through  holes  in  the  lower  horizontal  pieces 
of  the  frames,  and  carries  the  bob  at  its  lower 
end.  The  arrangement  is  such  that  the  steel 
i-ods  expand  downwards,  while  the  bi-ass  rods 
expand  upwards;  and  if  the  downward  and 
upward  expansions  be  equal,  the  centre  of  the 
bob  is  neither  raised  nor  lowered.  If  it  were 
jx}s.sible  to  have  the  total  length  of  each  set 
of  rods  the  same,  only  one  metal  would  bo 
requireil,  but  the  inner  rods  must  necessarily  be  shorter 
than  the  outer  ones,  and  therefore,  if  compensation  is  to 
be  exact,  they  must  be  made  of  the  more  expansive  metal. 
The  condition  of  compensation  therefore  requires  that  the 
total  expansion  of  one  set  of  rods  should  be  etjual  to  the 
totj\l  exi>ansion  of  the  other,  the  rotls  being  so  ari-anged 
that  these  expansions  take  place  in  opposite  dii'ections. 
Let  L^  denote  the  total  length  at  0°  C.  of  one  set  of  ixxls, 
and  L',  the  total  length  of  the  other  set ;  then — 
L,  =  Lo  (1  -f  at),  and  L'«  =  L',  (1  +  ^), 
where  o  and  /i  are  the  corresponding  coefficients  of  linear 
expansion.   Hence,  in  one  case,  the  expansion  is  given  by — 

and  in  the  other  by — 

For  com()ensatiou  we  must  have — 


L^atss  L'o  ptj  or  L«  a 


L-.Aortf-f 


That  is,  the  total  effective  lengths*  of  the  rods  in  each  set 

•  It  must  be  here  noticed  that  the  two  vertical  bar*  of  eiv'h  frame 
only  eflcct  the  saiuc  cxpanaion  of  the  framu  as  oug  bar  of  the 


32 


HEAT. 


must  be  biken  inversely  propoi-tional  to  the  mean  coefficient 

of  exmnsion  of  the  metals  of  which  they  are  made.     For 

3      2 
steel  and  brass  the  ratio  —  =  5  nearly. 
a        o 

Graham's  mercurial  pendulum  (Fig.  19). 
The  bob  of  this  pendulum  consists  of  a  frame 
carrying  two  glass  cylinders  containing  mer- 
cury. The  principle  of  compensation  is  the 
same  as  that  described  above ;  the  rod  to  which 
the  bob  is  attached  expands  downwards,  while 
the  mercury  expands  upwards,  and,  if  the 
quantity  is  properly  adjusted,  the  final  result 
is  that  the  distance  between  the  centres  of 
oscillation  and  suspension  is  unchanged,  and 
therefoie  the  rate  of  the  clock  is  unaffected 
by  changes  of  temperature. 

In  chronometers  and  watches  the  rate  is 
controlled  by  balance  wheels,  which  oscillate 
under  the  influence  of  a  steel  hair-spring. 
The  time  of  oscillation  increases  if  the  dimen- 
sions are  incieased,  and  theiefore  a  rise  of 
temperature  causes  the  rate  of  the  watch  to 
diminish.  Fuither,  a  rise  of  temperature 
lessens  the  elasticity  of  the  hair-spring 
[Art.  5  (v.)],  and  this  also  tends  to  increase 
the  time  of  oscillation,  and  di- 
minish the  rate  of  the  watch. 
In  chronometers  and  the  best- 
made  watches,  compensation  is 
effected  by  making  the  circum- 
ference of  the  wheel  of  two  metals, 
the  outer  being  the  more  expan- 
sible. This  double  rim  is  made  in 
three  parts,  each  supported  by  an 
arm  of  the  wheel  (Fig.  20).  The 
effect  of  rise  of  temperature  on  this 
arrangement  is,   that   while    the 

length.     Hence,  in  the  figure,  the   effective  length   of  the  bard  is 
(1  +  2  +  3)  for  steel,  and  (4  -|-  6)  for  brass. 


Fig.  19. 


Fig.  20. 
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end  of  segment  of  the  rim  nearest  the  supporting  arm  is 
pushed  out  from  the  centre  by  the  expansion  of  that  arm, 
the  other  end  curls  in  towards  the  centre  of  the  ring  owing 
to  the  greater  expansion  of  the  outer  strip  of  metal.  By 
properly  adjusting  the  screw  weights,  carried  by  each  seg- 
ment, exact  compensation  can  thus  be  obtained. 

20.  Metallic  thermometers.  Thermometers  have  been 
constructed  with  metals.  They  are  of  little  use  as  accurate 
instruments,  but  are  convenient  for  giving  an  automatic 
record  of  the  variation  of  temjierature,  and  thus  act  as 
maximum  and  minimum  thermometers. 

The  best-known  instrument  of  this  class  is  BregueCa 
Uiermonieter  (Fig.  21).     If  two  strips  of  metal  of  different 


Fig.  21. 

expansibility  be  riveted  or  soldered  together  and  wound 
into  a  spiral  with  the  most  expansible  metal  inside,  then 
any  rise  of  temperatiu-e  causes  the  inner  strip  to  expand 
more  than  the  outer,  and  consequently  the  spii-al  unwinds. 
Similarly,  if  the  temperatui-e  falls,  the  spiral  coils  up.  This 
thermometer  is  an  application  of  this  fact.  It  consists  of  a 
spiral  composed  of  three  metallic  strips  of  silver,  gold,  and 
platinum,  soldered  together  so  as  to  form  a  single  ribbon. 
The  silver,  which  is  the  most  expansible,  is  placed  inside, 
the  platinum  outside,  and  the  gold  between  serves  to  con- 
nect them.  The  spiral  carries,  at  its  lower  end,  a  horizontal 
needle,  which  traverses  a  dial.  As  the  spiral  winds  or 
unwinds  with  change  of  temperature,  the  needle  is  deflected 
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in  a  cori-esponding  direction,  and  indicates,  by  its  motion, 
the  variation  of  temperature. 


21.  Force  of  expansion  and  its  applications.  The  force 
exerted  by  a  metal  rod,  if  prevented  from  expanding  or 
contracting  as  its  temperature  changes,  is  very  great.  For 
example,  if  an  iron  bar,  of  one  square  inch  cross-section,  be 
heated  from  0°  C.  to  100°  C,  and  then  fixed,  so  as  to  prevent 
contraction,  it  will  exert  a  force  equal  to  the  weight  of  about 
thirteen  tons  on  the  fixings.  This  may  be  illustrated  by  the 
simple  apparatus  shown  in  Fig.  22.     The  bar,  A  B,  is  heated 


Fig.  22. 

by  a  lamp  until  it  expands  sufficiently  to  allow  a  short  cast- 
iron  rod  (b)  to  be  passed  through  the  hole  at  the  end  B, 
outside  the  upright  D.  The  bar  is  then  allowed  to  cool,  and, 
up  to  a  certain  point,  contraction  is  resisted  by  the  cast- 
iron  rod  ;  finally,  however,  the  stress  becomes  too  great,  and 
the  rod  is  broken  in  two.  This  contractile  force  of  metals, 
due  to  fall  of  temperature,  has  many  useful  applications. 
The  tyres  of  ordinary  carriage  and  cart  wheels  are  fitted 
on  when  red  hot,  and,  on  cooling,  bind  the  wheels  firmly 
together.  Boiler  plates  are  riveted  with  red-hot  rivets, 
which,  on  cooling,  draw  the  plates  so  close  together,  that  a 
steam-proof  joint  is  formed.  In  cases  where  the  walls  of 
buildings  have  bulged  outwards,  they  have  been  drawn  in  by 
passing  iron  bars  through  them,  across  the  building,  and 
attaching  to  their  extremities,  outside  the  building,  iron 
plates  screwed  up  to  the  wall  with  a  nut.  The  bars  are 
then  heated,  the  nut  and  plate  screwed  up  tightly  against 
the  wall,  and  the  bar  allowed  to  contract,  drawing  the  walls 
with  it.  This  process  is  repeated,  until  the  walls  are  made 
to  assume  their  proper  positions. 
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22.  The  mean  coefficients  of  linear  expansion  between  0° 
ill  J  100°  C.  of  some  substances  are  given  below. 


Table  of  coefficients  of  linear 

expansion. 

Glass OiKKXHH 

Iron 

.     0-000013 

Copper . 

.     0-lKXX)I7 

Brass     . 

.     0-000018 

Platinum 

.     0-000009 

Cast  Iron 

.     0-(KKX)ll 

Steel      . 

.     0-0(.M)01-2 

Gold      . 

.     ()-(»0001-| 

SUver    . 

.     0-000021 

Zinc      . 

.     ()0tH)021> 

Tin 

.     0<K)OO25 

Lcail     . 

ipnts 

i]\m 

»r  kIi" 

fthth 

\T  fni" 

.     0000028 

of  tlie  same  substance,  it  must  be  understood  that  the 
nimibere  given  in  this  table  i-epresent  only  the  approximate 
average  value. 
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CALCULATIONS. 

23.  We  shall  consider  calculations  involving  only  the  mean  co- 
efficient of  expansion.  The  experimental  data,  for  determining  true 
coefficients  of  expansion,  may  be  obtained  by  the  methods  described 
above;  but  the  method  of  reducing  these  data  cannot  be  considered 
here.  It  should  be  noticed  that,  in  defining  the  mean  coefficient  of 
expansion,  we  have  to  consider  the  ratio  of  the  mean  exuansion,  per 
degree  rise  of  temperature,  to  the  original  length  or  volume,  as  the 
case  may  be,  at  0°  C.  Thus,  if  the  length  of  a  rod  be  L^  at  t°  C,  and 
L  .  at  a  lower  temperature  t'°  C,  then  the  mean  expansion  per  degree 

is     JZ-J,  and  the  mean  coefficient  of  linear  expansion  (I),  between 
(J'—f) 

t°  and  f°,  is  given  by  1  =  ^^ %  where  L<,  is  the  length  of  the  rod 

at  O'C.  In  working  examples,  in  addition  to  the  simple  relation, 
Lj  =  L^  (1  -f-  W),  it  is  useful  to  have  a  relation  between  L^  and  L^. 
This  relation  is  easily  obtained  thus  : — 

L^     Lo(l-\-lf)      l+W 

-l;  =Kii+it)  =T+rt '  ^^^'  ^^'^ 

Or— 

L    =L    ^  +  ^^' 
''         *l^lt'  (1) 

Since  I  is  a  very  small  quantity,  we  may,  if  t  and  t'  are  not  very 
great,  consider  It  and  If  as  small  quantities,  and  apply  the  approxi- 
mation of  Art.  14.     This  gives — 

That  is— 

L^  =  L[l  +  Z(r-0].  (2) 

This  establishes  a  relation  between  L^„  L^,  and  I,  which  is  very  useful 
in  calculating  any  one  of  these  quantities,  when  the  other  two  are 
given. 

Similarly,  in  addition  to  V^  =  Vo  (l-\-ct\  we  have — 

V^  =  V^[l+6-(^'~0].  (3) 

It  is  very  important  to  remember  that  these  ai-e  only  approximate 
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relatioDB,  which  are  nearly  true  only  when  I  and  e  are  very  Bmall. 
They  should  therefore  be  applied  only  to  the  expansion  of  solids. 

In  the  case  of  liquidp,  the  application  of  the  relation  of  formula  (3) 
gives  a  rough  approximation,  which  is  sufficiently  accurate  for  most  pur- 
poses. For  accuracy,  a  formula  CO  rrespondin.f?  to(l)should  be  employed. 

In  the  ease  of  gases  the  expansion  is  fkr  too  great  to  admit  of  these 
approximations. 

Examples  III. 

1.  The  length  of  an  iron  rod  at  0°C.  is  100  cm.  Find  its  length  at 
10°  C,  the  mean  coefficient  of  linear  expansion  of  iron  being  '000012. 

Here— 

L,=  L/1  +  Z0 
.-.  L^-100[l  +(-000012  X  10)] 

-100[1-00012J  =  100012  cm. 

2.  The  volume  of  a  piece  of  glass  at  100°  C.  is  100-253  c.cm.,  and  its 
volume  at  0°  C.  is  l(k>  c.cm.  Find  the  mean  coefficient  of  cubical 
expansion  of  glass  between  0°  C.  and  100°  C,  and  thence  deduce 
approximately  the  mean  coefficient  of  linear  expansion  between 
the  same  limits  of  temperature. 

Or— 


v,-v 

0  = 

Vot 

100-258. 

-100 

_     -258 

Here  thcn- 

1AA.ORQ      irkA  .oca 

•0000258. 


100  X  100  10000 

3 


We  have  seen  that,  when  I  is  small,  o  -  3i  or  i--^.    Hence,  the 


mean  coefficient  of  linear  expansion,  as  required,  is— 
'^^^^^^^^  .  0-0000086. 

3.  The  length  of  a  copper  rod  at  10°  is  200034  cm.  Find  its 
length  af  1(H>°C.,  the  mean  coefficient  of  linear  expansion  of  copper 
being  -(KiOOl?. 

Applying  formula  (2)  to  data  of  the  question,  we  h«Te— 

That  is— 

L,„  =  200034[1  +  (90  X  -000017)] cm. 
=  2<X)034(l-00ir)3)cm. 
=  200-34006  cm.  (approximately). 

The  accurat<'  length  at  100"  found   by  employing  formula  (I)  to 
200-.34  cm. 
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7.  Show  that  the  mean  coefficient  of  superficial  expansion  for  a 
given  substance  is  approximately  equal  to  twice  tlie  mean  coefficient 
of  linear  cxiKinsion  for  the  same  substance. 

8.  A  brass  and  a  steel  rod  are  each  one  metre  long  at  10°  C. ;  find 
the  difference  in  their  length  at  60°  C. 

9.  A  platinum  wire  is  found  to  be  0*013  cm.  longer  at  60°  C.  than 
at  40°  C.  Find  the  length  of  the  wire  at  0°  C.  Why  can  a  platinum  wire 
be  easily  fused  into  a  glass  tube  ? 

10.  The  volume  of  a  mass  of  lead  at  50°  C.  is  50  c.cra.,  and  at  80°  C. 
its  volume  is  found  to  be  50'126  c.cm.  Show  that  the  mean  coefficient 
of  cubical  expansion  of  lead  between  50°  C.  and  80°  C.  is  approxi- 
mately 0-000)84. 

24.  Change  of  Density  with  Temperature.  We  have  seen  tliat,  in 
general,  when  a  body  is  heated  it  expands — that  is,  its  volume  in- 
creases— and,  since  the  mass  of  the  body  remains  constant,  it  must 
necessarily  follow  that  its  density  decreases.  For,  if  ¥<,  denote  the 
volume  at  0^  C.  and  V^  the  volume  at  ^°,  also  if  do  denote  the  density 
at  0°  C.  and  dt  the  density  at  i°  C,  then,  since  the  mass  remains 
constant — 

\\d,=\\d*- 

That  is—  ^  —  Z* 

dt       V/ 

But  we  know  that  V^  =  Vo  (1  +  cf),  where  c  denotes  the  coefficient 
of  cubical  expansion. 
Therefore — 

^o_V.  _Vo(l+gO_i.^. 
'dt       Vo  Vo  ^    ' 


This  is  true,  as  it  stands,  for  solids,  liquids,  and  gases  ;  but  for  solids 
and  some  liquids  we  may  have,  when  t  is  small  enough,  an  approximate 
formula,  giving — 

Also  corresponding  to  formula  (3),  above,  we  have — 

dt__\f  ^  Vq  (1  +  ct')  ^  1  +  ct' 
df       Vt       Vo  (1  +  r-O       I  +  rt 
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Examples  IV. 

1.  The  density  of  a  piece  of  plara  at  10°  C.  is  2-6,  and  at  60"  C  it  is 
2-5966.     Find  the  mean  coefficient  of  cubical  expansion  of  ttlam. 

Applying—  * 

^  =  [l-H.(r-0], 

2-|l6=^^^^' 
1  00131  =  1  +  50c, 

^' —  '00111 

<.  =  ^^^= -0000262. 
60 

2.  The  density  of  mercury  at  0°C. is  13o96.  Find  its  density  at 
100°  C,  the  mean  coefficient  of  cubical  expansion  of  mercury  between 
(►'  C.  and  100°  C.  being  000181. 

From — 

(ft  =-, — —.,  we  have — 
1  +  ct 

From  the  approximate  relation — 

dt=d  (l-rt), 
dt  =13-596(1  - -0181) 
=13-596(-9819) 
=13-350, 
which  is  a  fairly  close  approximation. 

4.  Compare  the  density  of  lead  at  100°  C.  with  its  density  nt  —  100°.C.» 
aHBuniing  its  coeflicient  of  expansion  to  remain  constant  within  these 
limits  of  temperature. 

6.  Find  the  mass  of  a  cubic  centimetre  of  silver  at  250°  C,  the  density 
of  silver  at  0°  C.  l)eing  10-31  grams  per  c.cm. 

7.  The  density  of  water  at  0°C.  is  0-999871,  and  at  4°C.  it  is  1.  Find 
the  mean  coefficient  of  expansion  of  water  between  4°  C.  and  0°  C. 
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CHAPTER  IV. 

EXPANSION    OF    LIQUIDS. 

25.    Apparent  and  real  expansion.     In  dealing  with  the 
expansion  of  liquids,  the  problem  becomes  complicated  by 
the  expansion  of   the  containing   vessel.     If,  as  is   gene- 
rally the  case,   the   liquid   expand   more   than  the  vessel, 
then   the   former  appears  to   expand;   but   this  apparent 
expansion  will   be   less   than   the   real  or  absolute  expan- 
sion   of    the    liquid,   because   the    containing   vessel    has 
increased  in   volume,  and  the  liquid  has   not  only  shown 
a   visible   increase   in   volume,  but  has  also  filled  up  this 
increased  volume  of  the  vessel.'^  To  consider  the  matter  ■ 
more   definitely,    let    us    suppose    that    we    are    noticing 
the  expansion   of  mercury,  in   a   graduated   glass   vessel, 
the    graduations   of    which  are    correct   at   0°  C.     First, 
imagine  the  vessel,  and  the  contained  mercury,  to  be  at 
0°  C;  then,  since  the  graduations  are  correct  at  this  tempera- 
ture/the  volume  of  the  mercury,  as  indicated  by  the  vessel, 
is  its  true  volume.      Let  this  be  denoted  by  V^.     JNext, 
suppose  the  mercury,  and  the  vessel,  to  be  at  a  temperature 
f  C.    The  volume  of  the  mercury,  as  indicated  by  the  gradua- 
tions of  the  glass  vessel,  will  not  now  be  its  true  volume ; 
for,  the  vessel  having  expanded,  the  volume  between  each 
graduation  has  increased,  and  hence  the  apparent  volume 
of  the  mercury  is  less  than  its  true  volume.     Let  V«  denote 
this  apparent  volume,  then  the  reading  Y«,  although  made 
at  f  C,  means  that  the  portion  of  the  vessel  up  to  the 
graduation  marked  V«,  had,  at  0°  C,  a  true  volume  V„. 
We  must  therefore  find  what  a  volume  V«  at  0  C.  becomes 
at  t°0.     If  c  denote  the  mean  coefiicient  of  expansion  of 
the  glass  vessel,  and  V,  the  required  volume  at  f  C,  we 

have —  ... 

V«=Va(l  +  cO.  (1) 

That  is,  V„(l  +  c«)  is   the  true  volume  of  the  mercury  at 
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<°  C.  Now,  V,  is  the  real  volume  of  the  mercury  at  0°  C, 
and  V^(l  -\-ct)  or  V,  is  its  real  volume  at  ^  C. ;  hence,  if 
c^  denote  the  mean  coefficient  of  real  expansion  of  mercury, 
we  have — 

Vi=V.(l  +rrt). 
Therefore,  substituting  for  V,  from  (1) — 

V.(l  +  ct)  =  Yo(l  +rrt).  (2) 

Next,  consider  the  apparent  expansion  of  the  mercury. 
Its  volume  at  0°C.  is  V",,  and  its  apparent  volume  at  t°  is 
v.;  hence,  if  c^  denote  the  mean  coefficient  of  apparent 
expansion  of  mercury,  in  a  glass  vassal,  then — 

Va=V«(l+r„0.  (3) 

Now,  from  (2)- 

and  from  (3) — 

Therefore — 

Or— 

1   +  Crt=(l    +Cat)il  +  Ct).  (4) 

inis  _  IK  an  accurate  relation  between  c,.,  c,,  and. c  ; 

but,  siiH  (juantities  are  small  compared  with  unity, 

wp  may  by  Art.  14  (2)  obtain  a  more  convenient  appix)ximate 
relation,  thus — 

(1  +  r,.  0  =  (1  +  '•.  ^  +  ^0  =  [1  +  (<•-  +  <^Vl 
Or— 

Cr  =  (fa   +  C.  CO 

That  is,  the  mean  coefficient  of  real  oxp.ansion  of  a  liquid 
i.H  approximately  wpial  to  the  sum  of  the  moan  coofficient 
•  »f  apparent  expansion  of  the  liquid  in  any  vessel,  and  the 
ni«*«ii  coefficient  of  expansion  of  that  vessel. 

Wliat  we  have  said  above  applies  directly  to  cubical 
expansion,  but  it  is  also  applicable    to   linear  expansion. 


Va       \j¥jyt 


V 

^    =  1    +  Ta  ^ 


l-¥Ct 
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For,  suppose  that  we  are  measuring  the  length  of  a  brass 
rod  with  a  steel  scale,  the  graduations  on  which  are  correct 
at  0°  C,  then,  if  L„  denote  the  true  length  of  the  rod  at 
0°  C,  L.  its  apjmrent  length  at  f  C,  and  L^  its  true  length 
at  f  C,  we  have,  in  exactly  the  same  way  as  explained 
above — 

L,  =L.(1  +  Z0  0') 

L„(l  +  ZO  =  Lo(l  +^rO  (2') 

L«=L,(1+Z„0  O') 

l  +  /,./=(l  +  7aO(l  +?0  (4') 

h  =  la  +  h  (5') 

Tliese  correspond  respectively  to  1,  2,  3,  4,  5,  above  : 
1r  being  the  mean  coeflScient  of  real  linear  expansion  of  the  brass  rod. 
la  „  ,,  apparent  „  „  „ 

I  „  „  linear  expansion  of  the  steel  scale. 

From  this,  then,  it  appears  that,  before  we  can  find  the 
real  expansion  of  any  liquid,  we  must  know,  accurately, 
the  expansion  of  some  solid  such  as  glass,  and  then  measure 
the  apparent  expansion  of  the  liquid  in  a  glass  vessel.  On 
applying  the  relation  expressed  in  (5),  we  should  then 
be  able  to  deduce  c^  from  c^  and  c.  It  is,  however, 
difficult  to  measure  the  mean  coefficient  of  expansion  of 
any  solid  directly  with  any  great  accuracy.  Moreover,  the 
expansion  of  different  specimens  of  the  same  substance  vary 
greatly  with  composition  and  previous  treatment;  hence, 
it  would  not  be  sufficient  to  know  the  expansion  of  the 
material  composing  the  vessel,  but  the  expansion  of  the 
actual  piece  of  material  forming  the  vessel,  after  it  has 
been  formed  into  that  vessel,  must  be  known.  This  further 
adds  to  the  difficulty.  There  is,  however,  another  way  of 
considering  the  matter.  If  the  real  expansion  of  a  liquid 
can  be  determined,  we  may,  by  measuring  the  apparent 
expansion  of  this  liquid  in  a  vessel,  determine  [from  (5)]  the 
expan>sion  of  the  material  of  that  vessel,  which  ma^^^en 
be  used  to  determine  the  real  expansion  of  othep  liquids. 
The  measurement  of  expansion  in  this  way  involves  the 
determination,    by    some    absolute    method,   of    the  real 
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expansion  of  a  given  liquid,  and  this  determination  in  then 
made  the  starting-point  of  all  other  expansion  measure- 
ments. This  is  the  method  which  lias  l)een  most  generally 
adopted.  First,  Dulong  and  Petit,  and  afterwards  Kegnault, 
measured,  with  gi'eat  accuracy,  the  absolute  expansion  of 
mercury,  and,  as  mercury  can  readily  be  obtained  in  a 
fairly  pure  state,  the  result  of  their  experiments  gives  us 
a  definite  starting  point  for  other  measurements. 

26.  Determination  of  the  absolute  expansion  of  mercury. 
The  methods  adopted,  for  the  determination  of  this  constant, 
by  Dulong  and  Petit  and  by  Reg^ault,  were  both  based  on 
the  same  principle,  and  differed  only  in  experimental  detail. 

The  method  of  Dulong  and  Petit.  The  principle  of 
this  method  is  simple.  If  we  have 
two  vertical  tubes,  communicating  by 
a  horizontal  branch,  and  ejich  contain 
a  liquid  of  given  density,  then,  for 
equilibrium,  the  pressures  due  to  the 
liquid  columns  on  each  side  of  a  sec- 
tion, taken  anj'where  in  the  horizontal 
branch,  must  be  equal.  Thus,  consider 
the  pressures  on  the  section  ab  in 
Fig.    23.      Let  h   and   h'   denote   the  pig.  23. 

depth  of  the  centre  of  gravity  of  the 

section  below  the  surfaces  of  the  liquid  in  T  and  T'  re- 
spectively. Then,  if  a  denote  the  area  of  the  cross  section 
a  by  we  have,  from  hydrastatical  principles,  that  the  prew^ure 
on  it  due  to  the  column  in  T  =  //  datf,  and  that  duo  to  the 
column  in  T'=h'(l'  (kj,  where  d  and  d'  are  the  densities  of 
the  liquids  in  T  and  T'  respectively,  and  g  the  acceleration 
due  to  gravity.  But,  since  a  b  is  in  equilibrium,  wo  must 
have 

hdag  =  h'  d'  a  ff. 
Thatis— 

hd  =  h'd'. 

It  i«  evident  that  this  is  true  whatever  value  a  may  have, 
and  whaterer  be  the  ghajm  and  size  of  T  atui  T, 


)     i 
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If,  now,  the  tubes  contain  mercury,  and  one  column,  T, 
be  kept  at  0°  C,  while  the  other,  T',  is  raised  to  a  tempera- 
ture t°  C,  we  have — 

/'o  do  =fh  fJt. 

(Art.  24.) 


Or— 


Thus,  the  mean  coefficient  of  absolute  cubical  expansion 
can  be  determined  by  noting  (A,  —  K  ),  K ,  and  t,  and  the 
result  is  quite  independent  of  the  expansion  of  the  tubes 
containing  the  mercury. 

The  apparatus  used  by  Dulong  and  Petit  is  shown  in 
Fig.  24.     The  tube  T'  was  enclosed  in  a  cylinder,  B,  and 

T  T' 


(it 

=  1 

+  ct. 

••• 

lit 

1  = 

ct. 

\- 

■K 

c 

-'  K 

T' 

FiK.  24. 

surrounded  with  melting  ice.  T  was  placed  in  a  thick 
copper  cylinder,  C,  which  was  filled  with  oil ;  and,  for  the 
purpose  of  heating  it,  a  furnace  was  built  round  it.  This 
Is  shown  in  section  in  the  figure.  The  temperature  of  this 
oil  bath  was  given  by  two  thermometers — a  mercury  weight 
thermometer,  W,  and  an  air  thermometer,  A.     These  two 
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kinds  of  thermometers  will  be  described  later  on  ;  it  is, 
however,  interesting  to  notice  that  this  is  the  first  time 
air  was  used  as  a  thermometiic  sul)stance  to  the  exclusion 
of  mercury.  Dulong  and  Petit  remarked  that,  at  high 
temperatures,  the  indications  of  the  two  instruments  did 
not  agree ;  and  so  they  decided  to  base  their  calculations 
on  the  indications  of  the  air  thermometer.* 

The  heights  of  the  columns  of  mercury  were  read  by 
means  of  the  cathetometer,t  which  was  invented  expressly 
for  this  purpose.  Tlie  level  of  the  mercury  in  T  was  first 
read,  then  the  level  in  T',  and  finally  the  level  of  the  axis 
of  the  horizontal  tube,  H.  The  difference  of  the  first  two 
readings  on  the  cathetometer  scale  gave  /<,—/<,,  and  the 
diffei-ence  of  the  last  two  readings  gave  ho .  The  temperature 
t°  C.  of  the  oil  bath,  and  therefore  of  the  mercury  in  the 
tube  T,  was  given  by  the  air  thermometer  A.  Thus,  all 
the  data  for  calculating  the  mean  coefiicient  of  absolute 
cubical  expansion  of  mercury  were  determined. 

The  chief  results  obtained  by  Dulong  and  Petit  woi*e  : — 
The  ujean  cx)etiicient  of  absolute  expansion  of  mercury 

between  0°  and  100°=— 1  ; 
ooOO 

0°  and  200°-     ^  '  - 


0°  and  300°=     ^ 


5425 

1 
5300* 


*  It  is  important  to  notice  that  if  Dulong  and  Petit  had  used  only  a 
mercury  thermometer,  thoy  would  not  have  detected  any  irregularity 
in  the  expansion  of  vwroury. 

t  This  instrument  consists  essentially  of  a  vertical  brass  or  steel 
ticalc,  to  which  is  attached  a  horizontally  fixed  telescope,  capable 
of  motion  up  and  down  the  scale.  To  determine  the  vertical  distance 
between  any  two  points,   the   telescope  is  focussed  on  the  higher 

C>lnt,  and  ita  position  on  the  vertical  scale  read  off.  It  is  then 
wered  and  focuased  on  the  lower  point,  and  the  corresponding 
scale  reading  again  taken.  The  difference  of  the  two  readings  thus 
obtained  gives  the  required  vertical  distance  lietwccn  the  points. 
The  telescope  is  furnished,  in  its  field  of  view,  with  two  fine  cross 
wires  at  right  angles  to  each  other,  and,  in  focussing,  its  position  on 
the  scale  is  so  adjusted  that  the  point  viewed  is  made  to  coincide 
with  the  intersection  of  these  cross  wires. 
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This  shows  that  the  expansion  of  mercury  increases  as  the 
temperatiu'e  rises. 

27.  Absolute  expansion  of  liquids.  Having  now  deter- 
mined the  absohite  expansion  of  mercury,  we  are  able  to 
determine  the  absolute  expansion  of  any  given  liquid  in  two 
general  ways. 

(1)  The  weight  thermometer  method.  The  weight  ther- 
mometer is  usually  a  glass  tube  of  the  form  shown  in 
Fig.  26.  The  bulb  is  large,  and  generally  of  a  cylindrical 
form;  the  stem,  like  that  of  the  mercurial  ther- 
mometer, is  of  thick  capillary  tubing  with  a  line 
bore.  When  used  to  determine  the  absolute  ex- 
pansion of  a  liquid,  the  experiment  consists  of  two 
separate  steps. 

(a)  The  determination  of  the  apparent  expansion 
of  the  mercuiy  in  the  tube,  and  then,  the  real 
Fig.  26.  expansion  of  mercury  being  known,  we  can  deduce 
the  expansion  of  the  thermometer  tube  by  the  help  of  the 
relation  of  Art.  26,  formula  (5),  where  c^.  =  c^  +  c,  or 
c  =:  Cf.—  c„.  Here,  c^  is  obtained  from  Regnault's  results, 
c^  is  observed,  and  c  is  determined  by  calculation. 

■(b)  The  expansion  of  the  tube  being  thus  determined,  we 
may  measure  the  apparent  expansion  of  any  liquid  in  it, 
and  then  we  can,  as  above,  deduce  the  real  expansion  from 
the  relation  c^^  c^  -\-  c.  Here,  c«  is  observed,  c  is  known 
from  {a)  above,  and  thus  c^  is  determined. 

This  method  of  determining  the  expansion  of  any  liquid, 
when  the  real  expansion  of  mercury  is  known,  is  quite 
general  and  very  accurate.  We  shall  therefore  consider, 
more  fully,  the  method  of  experiment  and  calculation 
employed  in  steps  (a)  and  (b)  above.  In  both  cases  it  is 
required  to  determine  the  apparent  expansion  of  a  liquid  in 
the  weight  thermometer  tube,  and,  as  this  process  is  the  same 
for  any  liquid,  we  shall  describe  the  method  of  determining 
the  apparent  expansion  of  mercury,  between  0°  C.  and  100°  C, 
by  means  of  the  weight  thermometer.  The  tube,  which 
should  be  perfectly  clean  and  dry,  is  weighed,  and  the 
weight  noted.     Let  it  be  u\     It  is  then  carefully  lilled  with 
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mercury,  by  alternately  warming  the  bulb  and  dipping  the 
end  of  the  stem  under  mercury,  and  finally,  boiling  the 
merciu'y,  in  exactly  the  same  way  as  that  adopted  in  tilling 
the  mercurial  thermometer  (Art.  9).  When  quit«  full,  a 
small  porcelain  capsule  containing  mercury  is  placed  so  that 
the  end  of  the  thermometer  stem  dips  under  the  surface 
of  the  mercury,  as  shown  in  Figs.  24  and  26,  and  the  whole 
is  allowed  to  cool.  As  the  mercury  in  the  tube  cools,  it 
contracts  and  mercury  fix>m  the  capsule  passes  into  the 
tube,  so  that  so  long  as  the  end  of  the  stem  is  kept  beluw 
the  surface  of  the  mercury  no  air  gets  in,  and  the  tube  is 
kept  full  of  mercury.  When  sufficiently  cool,  the  thermo- 
meter is  placed  in  a  suitable  vessel,  and  suri-ounded  with 
melting  ice,  the  capsule  being  still  carefully  kept  in 
position.  Further  contraction  of  the  mercury  in  the  tube 
takes  place,  more  mercury  passes  in,  and  finally  the  tube 
is  filled  with  mercury  at  0°  C.  The  capsule  is  then  with- 
drawn and  replaced  by  another  which  has  previously 
been  carefully  cleaned,  dried  and  weighed.  Let  its  weight 
be  denoted  by  x.  The  thermometer  is  now  taken  out 
of  the  ice,  the  capsule  being  held  under  the  end  of  the 
stem ;  as  the  mercury  takes  the  temperature  of  the  room 
it  expands,  and  a  small  quantity  overflows  into  the  capsule. 
When  this  overflow  has  quite  ceased,  the  tube  and  capsule 
ui-e  again  weighed.  Let  their  weights  be  W  and  X  respect- 
ively. Then  (W  — it)  denotes  the  weight  of  mercury  in  the 
thermometer,  and  (X— a;)  the  weight  of  mercury  in  the 
(•Hi)sule,  and  (W— io)  +  (X— a;)  gives  the  total  weight  of 
mercury  in  the  thermometer  at  0°  C.  Let  this  be  denoted 
by  W, .  The  thermometer  is  now  placed  m  a  steam  chamber 
(Fig.  U),  and  the  capsule,  and  bent  portion  of  the  stem, 
arrang<<l  outside  as  indicated  at  W,  Fig.  24.  As  the  mercury 
<'xpaii<ls,  it  overflows  into  the  capsule,  and  after  some  time 
the  expansion  is  complete  and  the  overflow  ceases.  The 
oapntle  is  now  taken  and  again  weighed.  Let  its  weigl>t 
be  X'.  Then  (X'—x)  denotes  the  weight  of  mercury  expelled 
fn)m  the  thermometer  owing  to  the  expansion  between  0°  C. 
and  1°C.,  \Nhere  T^C.  is  the  temperatui^e  of  the  stejvui. 
l^t  (X'—x)  be  denoted  by  w'.  Then  (W,  —to')  is  the  quantity 
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of  mercury  which  fills  the  thermometer  at  T°C.  We 
have  now  obtained  all  the  data  for  calculating  the  mean 
coefficient  of  apparent  expansion  of  mercury,  in  the  thermo- 
meter, between  0°  C.  and  T°  C. 

If  we  notice  the  thermometer  after  the  experiment  is 
over,  we  shall  see,  that  as  the  mercury  cools  it  contracts, 
and,  after  it  has  cooled  down  to  0°  C.,  a  vacant  space, 
which  was  originally  occupied  by  the  mercury  which  has 
been  expelled,  will  be  left  in  the  upper  part  of  the  tube. 
Hence,  if  the  mercury  remaining  in  the  tube  be  now  supposed 
to  expand,  the  apparent  expansion,  for  a  rise  of  temperature 
from  0°  C.  to  T°  C,  will  be  denoted  by  the  volume  of  this 
vacant   space,  and   the   ratio   of   the   apparent   expansion 

w' 

to  the  ori«nnal  volume  at  0°  C.  will  be  denoted  by  wj ,> 

°  ^  W^  —to' 

for  w'  is  the  weight  of  mercury  filhng  the  vacant  space  at  0°  C, 
and  (W<,  —  w')  the  weight  of  mercury  remaining  in  the  tube, 
and  the  volumes  occupied,  at  0°  C,  by  these  weights  are  pro- 
portional to  the  weights  themselves.  Hence,  the  mean  coeffi- 
cient of  apparent  expansion  between  0°  and  T°  is  given  by — 


Co  = 


(W,  -  w')T  (1) 

where  W^  is  the  weight  of  mercury  in  the  thermometer  at 
0°  C.  and  w'  the  weight  of  mercury  which  overflows  between 
0°  C.  and  T°  C.  If  c^  be  considered  known,  then,  the  above 
data,  and  the  relation  between  them  expressed  by  (1),  may 
be  employed  for  the  determination  of  temperature.  For, 
from  (1),  we  have — 

T  =         ^' 

(W,   -w')Ca.  (2) 

Thus,  the  process  described  above  might  have  been  em- 
ployed to  determine  T. 

The  weight  thermometer  can  thus  be  used  as  a  true 
thermometer ;  as  such,  it  has  the  great  disadvantage  that 
a  difficult  experiment  is  necessary  for  the  determination  of 
each  individual  temperature.  It  may  be  conveniently  used 
as  a  maximum  thermometer,  for  the  value  of  T  given  by  (2) 
always  represents  the  maximum  temperature  experienced. 
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(2)  Calibration  method.  In  this  method  a  tube  like  a 
large  thermometer  tube  is  employed.  It  is  first  calibrated 
in  such  a  way  that  each  division  on  the  stem  is  of  equal 
volume,  and  the  volume  of  the  bulb  is  known  in  terms  of 
the  divisions  on  the  stem — that  is,  if  a  division  on  the  stem 
be  marked  n,  it  means  that  the  volume  of  the  bulb  and  of  the 
stem  up  to  that  point  is  n  times  the  volume  of  one  division. 

This  tube  is  then  filled  with  mercury  at  0°C.  up  to  a 
certain  division  on  the  stem.  It  is  then  raised  to  a  tempera- 
ture T  in  a  water,  steam,  or  oil  bath,  and  the  apparent 
expansion  of  the  mercury,  as  indicated  by  the  position  of 
the  mercury  column  in  the  stem,  is  noted.  Let  n  be  the 
reading  on  the  stem  at  0°  C.  and  n'  the  reading  at  T°  0., 
then  for  the   mean  coefficient   of  apparent  expansion   of 

mercury  we  have  c.  =  — ^— •    This  is  perhaps  the  simplest 

and  most  accurate  method  of  studying  liquid  expansion,  but 
the  preliminary  calibration  of  the  tube  is  a  rather  difficult 
process.  When  c.  for  mercury  is  thus  determined,  we  can, 
a8  in  the  preceding  method,  obtain  c  from  the  relation 
c,  =  c.  +  c,  and  the  value  of  Cr  for  any  given  liquid  C4in  be 
obtained  by  measuring  c.  and  agiun  applying  this  relation. 

M.  Pierre  has  employed  this  methotl  to  determine  the 
expansion  of  a  large  number  of  liquids. 

29.  Expansion  of  water.  The  expansion  of  water  ha« 
l)een  the  subject  of  numerous  exi)eriment8.  It  is  of  8j)ecial 
interest,  not  only  because  water  is  so  generally  used  in 
physical  operations,  but  also  because  it  presents  notewoilhy 
peculiarities.  Amongst  others,  Pierre,  Despretz,  Hallstrom, 
and  Mathiessen  have  studied  this  question  :  the  last  two 
adopted  a  method  essentially  similar  to  that  described  in 
Art.  28;  the  first  two  employed  method  (2)  of  Art.  27,  which 
was  found  to  have  this  advantage,  that  the  water  in  the 
tube  could  be  cooled  down  to  between  10°  and  20°  below 
tero  without  freezing,  and  in  this  way  the  expansion  of 
vxUer  at  temperatures  below  the  freezing  point  was  studied. 
As  the  result  of  experiment,  it  was  found  that  as  water 
cooled  down  from,  my  10°U.  to  -  10°  0.,  it  passed  through 
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a  point  of  maximum  density  at  about  4°  C. — that  is,  as  it 
cooled  it  contracted,  and  consequently  its  density  increased 
until  4°C.  was  reached;  then  it  began  to  expand,  and  con- 
tinued to  ido  so  as  far  as  the  observations  were  carried. 
Hence,  if  water  at  0°  C.  be  gradually  heated,  it  contracts 
until  a  temperature  very  close  to  4°  C.  is  reached ;  it  then 
begins  to  expand,  and  continues  to  do  so  as  the  temperature 
rises.  This  can  be  shown  by  method  (2)  of  Art.  27.  The 
tube  and  part  of  the  stem  are  filled  with  water  and 
surrounded  with  melting  ice.  The  reading  on  the  stem 
is  noted,  the  ice  removed,  and  the  apparatus  allowed  to 
gradually  take  the  temperature  of  the  room.  As  the 
temperature  slowly  rises,  the  level  of  the  water  column 
in  the  stem  falls,  showing  contraction  of  the  water.  This 
continues  until  a  temperature  of  about  6°  C.  is  reached,  and 
then  the  column  of  water  begins  to  rise,  showing  that  the 
point  of  maximum  density  (or  minimum  volume)  has  been 
passed,  and  that  the  water  is  now  expanding.  It  must  be 
remembered  that  we  are  now  considering  the  apparent 
expansion  of  water  in  a  glass  tube,  and  that  the  simulta- 
neous contraction  of  the  water  and  expansion  of  the  tube 
exaggerate  the  effect,  and  hence  the  water  does  not  appear 
to  expand  until  a  temperature  of  about  6°  is  reached, 
whereas  it  I'eally  begins  to  expand  at  about  4°C.,  but  this 
is  not  apparent  until  the  rate  of  expansion  of  the  water 
becomes  greater  than  that  of  the  glass.  From  readings  of 
the  position  of  the  water  column  at  different  temperatures, 
the  mean  coefficient  of  aj^ptarent  expansion  (cj  can  be 
determined ;  and  if  the  coefficient  of  expansion  (c)  of  the 
tube  is  known,  then  c^  is  given  by  c^  =  c^  -|-  c.  To  find  the 
temperature  of  maximum  density  by  this  method,  we  must 
find  the  temperature  at  which  the  true  coefficient  of  i^eal 
expansion  (Art.  16)  is  zero ;  for,  if  t°  C.  be  the  temperature 
of  maximum  density,  then  between  0°  C.  and  t°  C.  this  co- 
efficient is  negative,  above  t°  C.  it  is  positive,  and  at  f  C. 
it  is  zero. 

A  simple  experiment,  devised  by  Hope,  and  hence  called 
Hope's  experiment,  illustrates  these  facts,  and  serves  to 
determine    approximately    the    temperature    of    maximum 
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density.  A  tall  glass  jar,  having  two  side  openings  fitted 
with  thermometers,  as  shown  in  Fig.  27,  is  surrounded 
at  its  centre  with  an  outer  vessel  containing  a  freezing 
mixture  (Art.  51).  The  vessel  is  filled  with  water  at  the 
ordinary  temperature,  and  allowed  to  cool  under  the 
influence  of  the  freezing  mixture.  As  cooling  goes  on, 
the  lower  thermometer  falls  steadily,  while  the  upper  one 
undergoes  but  little  change ;  but  as  the  temperature  of  the 
former  approaches  4°C.,  it  falls  more  and 
more  slowly,  and  finally  becomes  stationary ; 
meanwhile,  the  upper  thermometer  begins  to 
fall  more  rapidly,  and  continues  to  do  so 
until  0°  C.  is  reached.  Ultimately,  a  thin 
crust  of  ice  l^egins  to  form  on  the  surface  of 
the  water,  and  the  lower  thermometer  re- 
mains stationary  at  4°  C.  These  facts  admit 
of  simple  explanation.  The  freezing  mixture 
cools  the  water  nearest  it,  this  contracts, 
becomes  denser,  and  descends,  causing  the  lower  thermo- 
meter to  fall  rapidly.  This  goes  on  so  long  as  a  fall  of 
temperature  causes  the  water  to  contract,  but  belo^  4°C. 
expansion  sets  in,  and  then  the  water  cooled  by  the 
freezing  mixture  rises  instead  of  falls,  and  causes  the  rapid 
fall  of  the  upi)er  thermometer  to  0°C.,  while  the  lower 
thermometer  remains  stationary  at  the  temperature  of 
the  lowest,  and  therefore  densest,  layer;  and  its  reading 
consequently  indicates,  approximately,  the  temperature  of 
maximum  density  of  water.  This  experiment  illustrates 
what  actually  takes  place  in  pools  of  water  during  frosty 
weather ;  the  surface  freezes,  but  the  temperature  of  the 
deeper  layers  of  water  seldom  falls  below  4°G.,  and  thus 
the  lives  of  fish  and  other  aquatic  animals  are  preserved. 
It  should  be  noticed  here  that  water  expands  on  freexing, 
and  thus  the  ice  floats  on  the  surface.  Were  this  not  the 
case,  each  layer  of  ice  would  sink  as  it  was  formed,  and 
ultimately  all  the  water  in  the  pools  would  be  converted 
into  ice. 
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CALCULATIONS. 

80.  It  will  now  be  convenient  to  collect  together  the  various  formulae 
deduced  in  the  preceding  pages. 

1.  Apparent  and  real  expansion. 

(a)      Ir   =lm  +  I'    Art.  26  (5'). 
(&)      Cr  =ca+  c.    Art.  25  (5). 

These  two  formulsB  [(a)  and  (&)]  should  be  learnt  in  words. 

(O      L„  =  Lo  (1  +  la  t).     Art.  25  (3'). 
(d)      Va  =  V„  (1  +  c.  t).     Art.  25  (3). 

These  formulae  establish  a  relation  between  apparent  length  or 
volume  at  t°  C.  and  trite  length  or  volume  at  0°  C. 

2.  Weight  thermometer. 

ia) 


(70  T= 


\Wo  +  W)T.     Art.  27(1). 
11/ 


(^W'o  -  w')Ca.     Art.  27(2). 


The  reader  should  make  himself  thoroughly  familiar  with  these 
formulae  before  going  any  farther.  In  studying  any  formula  the  fol- 
lowing plan  should  be  adopted:  (1)  Thoroughly  master  the  method 
by  which  the  relation  is  obtained.  (2)  Note  carefully  the  conditiims 
under  which  it  is  applicable.  (3)  If  the  formula  is  fundarat  ntal,  it 
should  be  learnt ;  but,  in  all  cases,  the  method  of  work  is  of  more 
importance  than  the  formulated  result. 

The  following  examples  illustrate  the  application  of  the  above 
relations. 

Examples  V. 

1.  A  zinc  rod  is  measured  by  means  of  a  brass  scale,  and  found  to 
be  1-0001  metres  long  at  10°  C.  What  is  the  real  length  of  the  rod  at 
CC.  andat  10°  C?  [Mean  coefficient  of  linear  expansion  of  zinc  is 
•000029  and  of  brass  -00001 'J.  ] 
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Applying  (<J)  above  we  get — 

La-U(l  +  /.0. 

Here— 
L,  =  rOOOl  (7,  =  (Ir  -I)  ^  (•000029-000019)  =  <X)001  ;  and«  =  10. 
^* — '7\'L.-=  1-0001[1-(00001)10] 
=  1-0001  [1 --0001] 
=  1  nearly. 
Also — 

Le  =Lo(l  +IrO.  (Art.  18.) 

Hero— 

Lo  =1  nearly,  and  Z^  =0*000029. 
.-.  L,o=l(l  +  0-00029) 
=  100029. 
Or— 

Le=L.(l+ZO-  («) 

.-.  Lw=  1  0001(1  +  -000019  X  10) 
=  1-0001(1  + -00019) 
=  1-00029  .  .  . 

4.  An  ordinary  mercurial  thermometer  is  placed  with  its  bulb  and 
lower  part  of  stem  in  a  vessel  of  water,  and  indicates  a  temperature 
T.  The  upper  portion  of  the  stem,  containing  n  divisions  of  the 
mercury  column,  is  in  the  air  at  a  temperature  t.  What  is  the  true 
temperature  of  the  water  in  the  vessel  f 

The  true  temperature  of  the  water,  T',  is  that  which  the  thermo- 
meter would  indicate  if  completely  immersed  in  the  water.  If  this 
were  the  case,  the  n  divisions  of  the  mercury  column,  which  are  now 
at  t°,  would  be  at  T'°.  We  have  therefore  to  find  the  expansion 
of  these  n  divisions  for  a  rise  in  temperature  from  t°  to  1"°.  If 
r«  denote  the  mean  coefficient  of  apparent  expansion  of  mercury  in 
glass  we  have — 

n'  =  n(l  +  Ca  (T'-O]. 
But—  r  =  (T  -  n)  +  »' 

=  T  +  n'  -  ?» 
=  T  +  n(T'  -  t)c^ .        (Cp.  Art  18,  4.) 

6.  A  weight  thermometer  weighs  60  grams  when  empty,  and  710 
gmmn  when  full  of  mercury  at  0°C.  On  heating  up  to  100°  C,  10  grams 
of  mercury  art;  ('Xi>ellcd.  Calculate  the  mean  coefficient  of  cubical 
expaorion  of  glass,  assuming  the  mean  coefficient  of  real  cubical 
expaoiion  of  mercury  to  be  0KXX}181. 
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Applying  (j)  above  we  get — 


to 


10 


(660-10)100     G500 
.-.  c.  =  0000154  nearly. 
But— 

Cr=Oa  +  C.  (6) 

.  •.    C  =  Cr  -Ca 

=  0-000181 -0-000154 
=  0-000027. 

11.  A  rod  of  copper  and  a  rod  of  iron  placed  side  by  side  are 
riveted  together  at  one  end.  The  iron  rod  is  150  cm.  long,  and  a  mark 
is  made  on  the  copper  rod,  showing  the  position  of  the  unriveted  end 
of  the  iron  at  0°  C.  If  at  30°  the  mark  is  0-0256  cm.  from  the  end  of 
the  iron  rod,  what  is  the  coefficient  of  expansion  of  copper,  that  of  iron 
being  0-000012  ? 

16.  The  coefficient  of  absolute  cubical  expansion  of  mercury  is 
•00018,  the  coefficient  of  linear  expansion  of  glass  is  -000008.  Mer- 
cury is  placed  in  a  graduated  glass  tube,  and  occupies  100  divisions  of 
the  tube.  Through  how  many  degrees  must  the  temperature  be 
raised  to  cause  the  mercury  to  occupy  101-56  divisions  ? 

17.  A  porcelain  weight  thermometer  weighs  165  grams  when 
empty  and  468  grams  when  full  of  mercury  at  0°  C.  When  heated  to 
300°  C,  the  weight  of  overflow  is  found  to  be  13-464  grams.  Find  the 
mean  coefficient  of  cubical  expansion  of  porcelain  between  0°  and 
300°  C,  assuming  that  of  mercury  to  be  -000184  for  the  same  range  of 
temperature. 

21.  If  8  be  the  expansion  of  water  between  4°  and  0°C.,  and  A  its 
expansion  between  4°  and  t°,  show  what  is  the  density  of  water  at  t° 
referred  to  water  at  0°. 
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EXPANSION  OF  GASES. 


31.  The  study  of  the  expansion  of  gases  is  greatly  com- 
plicated by  the  influence  of  pressure.  If  a  solid  or  liquid 
be  heated  it  will  expand  and  overcome  very  great  pressures 
in  doing  so ;  so  that,  under  ordinary  circumstances,  the 
expansion  of  liquids  and  solids  is  quite  independent  of  the 
pi-essure  at  which  the  expansion  takes  place.  Moreover, 
the  volume  of  a  solid  or  liquid  is,  within  very  wide  limits, 
independent  of  external  pressure  ;  for  example,  the  volume 
of  a  block  of  iron  or  a  quantity  of  water  is  practically 
the  same  under  a  pressure  of  10  atmospheres  as  under  a 
pressure  of  1  atmosphere.  This  is  not  the  case  with  gaaes, 
for  we  know,  from  Boyle's  law,  that  the  volume  of  a  gas  is 
inversely  proportional  to  its  pressure. 

32.  The  relation  between  the  volume,  temperature,  and 
pressure  of  a  gas.  Before  proceeding  to  tlie  experimental 
study  of  the  expansion  of  gases  it  will  be  well  to  consider 
the  question  theoretically,  and  see  exactly  where,  and  in  what 
direction,  experiment  is  necassary. 

Suppose  we  consider  a  definite  vwsa  of  gas ;  before  we  can 
realise  its  state,  we  must  know  three  things  about  it :  (1)  its 
volume ;  (2)  its  pressure ;  (3)  its  temperature.  For  example, 
if  we  wish  to  enclose  this  mass  of  gjis  in  a  vessel,  so  that  it 
may  be  in  a  particular  state,  we  must  know  how  large  the 
vessel  must  be,  its  ability  to  resist  pressure,  and  the  tempera- 
ture of  its  interior.  The  8tate  of  a  given  mass  of  gas  thus  ap- 
pears to  bo  dependent  on  three  variables — volume,  pressure, 
and  temperature— these  may  be  denotetl  by  v,  ;>,  and  t.  It 
is,  however,  ]K)ssible  that  some  relation  exists  l)etween  these 
three  vanables,  which  nuiy  ena1)lo  us  to  determine  one  of 
tliem  if  the  other  two  are  given.  To  determine  if  this  ho 
the  case  we  must  resort  to  experiment,  and  this  question  is 
a  good  example  of  how  ex|)erimeutul  ix'bearch  is  conducted. 
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We  have  thi-ee  variables,  and  we  wish  to  determine  how 
they  are  related  in  their  effect  on  the  state  of  a  given 
mass  of  gas.  It  is  evident  that,  if  the  three  are  allowed 
to  vary  at  once,  it  will  be  impossible  to  determine  the 
cause  of  any  observed  eflect.  For  example,  if  p,  v,  and  t 
change  simultaneously,  the  change  in  v  may  be  related 
either  to  that  oi  p  or  t  or  of  both,  so  that  such  an  experi- 
ment would  give  no  result.  We  must  therefore  allow  only 
two  of  the  variables  to  change  simultaneously  while  the 
other  remains  constant  and  consequently  has  no  part  in 
producing  the  observed  effects.  This  method  of  work 
necessitates  three  different  sets  of  experiments  to  establish: — 
(i)  The  relation  between  p  and  v  with  t  constant, 
(ii)     »         „  „        '^    „    i     „    P       » 

(iii)   „         »  »        P    „    i     „     'V       „ 

We  shall  consider  these  separately, 
(i)  The  relation  between  pressure  {p)  and 
volume  {v)  at  constant  temperature  (t).  To 
determine  this  relation  we  have  evidently  to 
maintain  a  definite,  constant  mass  of  gas  at 
constant  temperature,  and  investigate  how 
change  of  pressure  affects  the  volume  occupied 
by  this  mass  of  gas.  By  a  number  of  experi- 
ments Boyle  and  Mariotte  established  the  law 
that,  under  these  circumstances,  the  volume 
varies  inversely  as  the  pressure  :  for  example, 
if  the  pressure  is  doubled  the  volume  is  halved. 
This  law  may  be  verified  by  means  of  the 
bent  tube  (sometimes  called  Boyle's  tube) 
shown  in  Fig.  29.  The  gas  to  be  experimented 
on  is  placed  in  the  shorter  closed  limb,  and 
the  quantity  of  mercury  in  the  bend  is  adjusted 
so  that  the  level,  in  each  limb,  is  at  the  zero 
of  the  corresponding  scale  and  also  in  the 
same  horizontal  line.  Mercury  is  then  poured 
into  the  long  limb,  and  it  is  found  that  as 
the  pressure  on  the  gas  in  the  closed  tube  is 
increased  (Art.  14,  7)  its  volume  diminishes, 
and  by  observing  the  volume  corresponding  to 


Fig.  29. 
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different  pressures  the  law  given  above  will  be  found 
true.  The  result  of  experiment  for  this  relation  may 
be  expressed  by  writing — 

1  k 

V  V 

or—  p  V  =  k,  (i) 

where  k  is  a  constant.     This  is  known  as  Boyle's  Law. 

(n)  The  relation  between  volume  (v)  and  temperature 
(t)  when  pressure  (p)  is  constant.  This  is  the  relation 
corresponding  to  the  one  already  considered  in  the  case  of 
solids  and  liquids.  We  have  to  determine  how  the  volume 
of  a  given  mass  of  gas  changes  under  the  influence  of  tem- 
perature ;  it  is  found  that  it  increases  with  rise  of  tempei-a- 
ture  just  as  does  that  of  solids  and  liquids,  but  the  mean 
coeflicient  of  expansion,  for  a  given  range  of  tempei-ature, 
is  much  greater.  The  two  most  important  experimental 
determinations  of  this  relation  were  carried  out  by  Gay 
Lussac  and  Regnault.  The  observations  of  the  latter  were 
by  far  the  more  accurate,  but  as  the  results  obtained  by  the 
fomier  were  considered  correct  for  a  long  period  of  time,  we 
shall  briefly  consider  both  methods. 

1.  Gay  Lussac' 8  method.  For  the  purpose  of  this  deter- 
mination Gay  Lussac  obtained  a  large'therniometer 
tube  \*nth  a  spherical  reservoir  and  a  long  stem.  Tliis 
tulje  he  carefully  calibrated  and  graduated  after  the 
plan  mentioned  in  Art.  27,  2.  ]t  Was  then  filled 
with  mercury  and 
fitted    (as   at   A,  'g')^ 

Pig.  30)  into  a 
wider  tube,  T, 
filled  with  cal- 
cium chloride. 
By  intro<lucing 
a  platinum  wii-e, 
w,  into  the  tube 
the  mercury  was  '^'  *^' 

nlowly  shaken  out,  and  its  place  taken  by  air  which  was 
quite  dry  owing  to  it  having  passed  over  the  calcium 
chloride  in  the  wide  tube.     A  short  column  of  mercury 
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was  left  in  the  stem  of  the  tube  to  act  as  an  index; 
it  was  then  taken  and  placed  horizontally  (as  at  B, 
Fig.  30)  in  a  sheet-iron  vessel,  V,  which  was  first  filled  with 
melting  ice  and  afterwards  placed  on  a  furnace,  F,  and 
gradually  heated.  The  position  of  the  mercury  index  was 
noted  when  the  bulb  of  the  tube  was  suiTOunded  with  ice, 
and  also  at  different  temperatures  as  the  heating  went  on. 
From  these  observations  the  mean  coefficient  of  apparent 
expansion  of  air  in  glass  was  calculated  and  the  mean 
coefficient  of  absolute  expansion  deduced,  from  this  result 
and  the  known  mean  coefficient  of  expansion  of  the  glass 
tube.  It  will  be  seen  that  this  method  is  identical  in  prin- 
ciple with  that  of  Ai't.  27,  2.  In  this  way  Gay  Lussac  found 
c^=0"00375.     This  result  we  now  know  to  be  too  high. 

2.    Regnault's    method.      In    Gay    Lussac's    method,  as 
described  above,  there  are  two  important  sources  of  error. 

(a)  The  moisture  clinging  to 
the  interior  of  the  ther- 
mometer tube  was  not  re- 
moved, and,  as  it  was 
converted  into  vapour  on 
heating,  the  volume  of  the 
enclosed  air  appeared  to 
increase  more  than  it  really 
did,  hence  the  result  ob- 
tained was  too  high,  {h)  The 
index  of  mercury  in  the 
stem  did  not  completely 
separate  the  enclosed  air 
from  the  outer  air.  Reg- 
nault  arranged  his  appa- 
ratus so  as  to  avoid  these 
errors ;  the  interioi-  of  the 
vessel  A  (Fig.  31)  which 
contained  the  gas  was 
thoroughly  dried  by  alter- 
nately  filling    it   with   dry 


Fig.  31. 


warm  gas  and  exhausting  it,  through  the  tube  t,  by  means 
of  an  ail  -pump.     The  mercury  index  in  the  stem  was  done 
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away  with,  and  its  place  taken  by  the  mercury  column  in 
a  very  convenient  manometric  arrangement  with  which 
A  was  connected.  The  details  of  Regnault's  method,  both 
as  regards  apparatus  and  calculation  of  results,  are  too 
complicated  to  be  entered  into  here ;  we  may,  however, 
notice  it  sufficiently  to  indicate  the  principle  of  the  method 
and  the  main  features  of  the  apparatus.  The  essential 
parts  of  the  apparatus  used  by  Regnault  are  shown  in 
Fig.  31.  It  consists  of  two  parts  :  (1)  the  reservoir  A  in 
which  the  gas  is  placed,  and  (2)  the  manometer  B  C  D  E. 
The  reservoir  is  a  small  spherical  vessel  which  can  be 
enclosed  in  a  suitable  metal  vessel,  M,  and  the  temperature 
of  the  contained  gas  adjusted  by  filling  the  space  between 
the  two,  with  ice,  water,  steam,  etc.  The  manometer  con- 
sists essentially  of  two  vertical  tubes  communicating  below 
by  a  metal  bend  to  which  a  tap  is  attached.  One  of  the 
tubes,  B  C,  ends  in  a  fine  piece  of  tubing  which  is  bent  over 
at  B  and  joined  to  the  stom  of  A  ;  the  other,  D  E,  is  much 
higher  and  of  uniform  bore  throughout.  Communicating 
with  the  horizontal  part  between  B  and  A  is  a  small  tube 
tf  by  means  of  which  the  interior  of  A  is  dried,  and  the 
gas  introduced  into  it  after  passing  through  a  series  of 
drying  tubes.  To  j^erform  the  experiment  the  reservoir, 
A,  is  surrounded  with  ice,  and  mercury  is  poured  into  the 
manometer  at  E  until  it  rises  to  the  mark  m  on  the  tube 
B  C,  and  to  a  point  in  D  E  oh  the  same  horizontal  line  as  m. 
This  adjustment  of  levels  is  readily  effected  by  varying, 
through  /,  the  quantity  of  air  in  A.  The  tube  t  is  now 
scaled  oft"  in  the  blow-pipe,  the  ice  in  M  removed,  and  a 
small  (quantity  of  water  put  in  its  place  and  heated  till 
it  lx)ils.  Tlie  reservoir  A  is  thus  surrounded  with  steam 
at  the  temperature  of  tiie  boiling  point ;  the  c*ontaine<l  giu) 
expands,  and,  depressing  the  column  of  mercury  in  B  0, 
causes  that  in  D  E  to  rise.  After  a  short  time  the  levels 
become  stationary ;  the  tap  T  is  then  ope  net!  and  the 
mercury  runs  out,  tlie  level  in  D  E  falling  more  rapidly  than 
that  in  B  C.  By  closing  the  tap  at  the  right  moment  the 
levels  of  the  mercury  columns  in  B  C  and  D  E  may  be 
adjusted  in  the  same  horizontal  line  iti  a  position  similar 


60 


HEAT. 


to  that  shown  in  the  figure  at  m',  m".  The  air  in  A  has 
thus  expanded,  between  0°  C.  and  f  C,  at  a  constant  pressure 
equal  to  that  of  the  atmosphere  at  the  time  of  the  experi- 
ment, for,  both  at  0°  C.  and  f  C,  the  mercury  columns  in  the 
manometer  have  been  adjusted  so  as  to  have  no  difference 
of  level.  If,  then,  we  know  the  relative  volumes  of  A,  of  its 
stem  up  to  m  and  of  the  portion  of  B  C  between  m  and  m' , 
we  can  calculate  the  mean  coefficient  of  absolute  expansion 
in  the  usual  way.  It  must  be  noticed  here  that  the  gas 
in  the  part  of  the  apparatus  outside  M  is  at  a  different 
temperature  to  that  in  A,  hence  a  correction  similar  to  that 
of  Ex.  4,  Art.  30,  must  be  applied  in  working  out  the  result. 
Theoretically,  c^  is  obtained  as  in  case  of  liquids  from  c^ 
and  c,  and  thus  c  should  be  known;  but  the  value  of  c 
for  glass  is  so  small,  relative  to  c^  for  gases,  that  it  is  not 
necessary,  except  when  great  accuracy  is  desired,  to  know 
its  value  for  the  vessel  actually  employed  in  the  experiments  ; 
it  is  sufficient  to  know  the  average  value  for  the  material 
or  the  vessel.  Regnault  found  by  this  method  the  value 
0*0036706  for  the  mean  coefficient  of  absolute  expansion 
of  air  between  0°  C.  and  100°  C. ;  for  different  gases  the  value 
of  this  coefficient  varied  slightly,  especially  in  the  case  of 
gases  which  are  easily  liquefied.  Practically,  however,  this 
result,  which  is  approximately  equal  to  -^^^,  may  be  con- 
sidered as  applicable  to  most  gases.  Hence  we  may  state 
that,  at  constant  pressure,  the  relation  between  v  and  t 
is  such  that,  if  a  given  voliome  of  gas  be  raised,  at  constant 
pressure,  from  0°  C  to  1°  C.  it  will  increase  in  volume  hy 
ajyproximately  ^  j-^  of  its  original  volume  at  0°  C.  This  is 
known  as  Charles'  Law — sometimes  as  Gay  Lussac's  Law. 
It  may  be  expressed  by  writing — 

Vt  =  I'o  (1  +  Cr  t)  (ii) 

where — 

273 


Also — 


r  -  =Vo  (I  +  Crt  ). 
V,  _1  +  Crt   , 
Vt        i  +  Oft' 


(iia) 
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It  had  been  stated  by  Faraday  previous  to  Regnault's 
experiments  that  the  value  of  c^  was  constant,  whatever 
the  pressure  at  which  expansion  took  place.  Regnault 
investigated  this,  and  found  it  to  be  only  approximately 
t  rue ;  the  value  of  the  coefficient  increases  slightly  \vith 
the  pressure. 

(iii)  The  relatioii  between  pressure  {p)  and  temperature 
(0  when  the  volume  (v)  remains  constant.  The  point  to 
1)6  determined  here  is  the  variation  with  the  temperature  of 
the  pressure  of  a  given  mass  of  gas  kept  at  constant  volume. 
This  question  was  investigated  by  Regnault  by  means  of  the 
apparatus  shown  in  Fig.  31.  The  method  of  experiment  is 
very  similar  to  that  described  in  (ii)  ;  the  reservoir  is  filled 
with  gas,  surrounded  with  ice,  and  the  levels  of  the  mercury 
adjusted  to  m  in  exactly  the  same  way  as  described  on  page 
59.  The  reservoir  is  next  heated  by  steam,  and,  as  before, 
the  gas  expands,  depresses  the  mercury  column  in  BC,  and 
raises  that  in  D  E.  But  it  is  required  to  find  the  change 
of  pressure  with  temperature,  at  constant  volume,  that  is, 
when  no  expansion  is  allowed  to  take  place.  It  is  therefore 
necessary  to  bring  the  mercury  column  back  to  7/1,  in  order 
that  the  gas  in  A  may  remain  at  constant  vohune.*  This 
can  be  done  by  pouring  mercury  in  at  E.  The  height  of 
the  column  D  E  will  increase,  and  the  pressure  due  to  the 
difference  in  height  of  the  columns  in  B  C  and  D  E  (Art.  8) 
will  cause  the  volume  of  the  gas  in  A  to  diminish  ;  by  suffi- 
ciently increasing  this  difference,  the  volume  may  be  reduced 
t  o  its  original  volume  at  0°,  and  the  level  of  the  mercury  in 
IJC  brought  back  to  vi.  It  thus  appears  that  the  pressure 
increa.sos  as  the  temperature  rises,  and  if,  when  this  con- 
stant volume  adjustment  is  made,  the  difference  of  level 
between  the  columns  of  mercury  in  BC  and  D  E  be  noted 
for  a  given  rise  of  temj^emture,  the  mean  coefficietit  of 
increase  of  presture  at  constant  volume  can  be  calculated  in 
the  same  wa^  as  the  mean  coefficient  of  increase  of  volume 

*  This  is  not  quite  accurate,  for  the  volnme  of  A  will  be  greater 
when  heated  than  at  0^  C,  owing  to  the  expansion  of  the  gla^s,  and 
III  exact  calculation  this  cliange  of  volume  has  to  be  t«Jccn  into 
:iocoant. 
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at  constant  pressure.  For  example,  if  tt  denote  the  pressure 
due  to  the  observed  difference  of  level  for  a  rise  of  tempera- 
ture from  0°  C.  to  f  C,  then  Cp  =—  where  p  is  the  initial 

pressure  of  the  gas  at  0°C.,  as  given  by  the  barometer 
reading  at  the  time  of  experiment.  As  the  result  of  his 
experiments,  Regnault  found  the  value  of  c^  for  air  to  be 
0-003665,  which  is  very  nearly  equal  to  the  value  found  for 
c,.  The  value  of  this  coefficient  for  different  gases  was 
found  to  vary  in  exactly  the  same  way  as  that  of  c^,  and  it 
was  also  found  that  in  all  cases,  except  that  of  hydrogen, 
Cp  was  slightly  smaller  than  c^.  These  variations  are  due 
to  the  fact  that  no  gas  obeys  Boyle's  law  exactly;  and 
they  can,  in  fact,  be  predicted  without  experiment,  if  the 
nature  of  the  departure  from  Boyle's  law  for  any  given 
gas  is  known.  For  ordinary  purposes,  however,  these 
discrepancies  are  quite  negligible,  and  we  may  state  that 
the  mean  coefficient  of  increase  of  pressure  at  constant 
volume  is  equal  to  that  of  increase  of  volume  at  constant 
pressure,  the  approximate  value  for  both  being  ^^ij.  Hence 
the  relation  between  p  and  t  when  v  is  constant  is  such 
that,  if  the  tenijyerature  of  a  given  mass  of  gas  at  constant 
volume  he  raised  from  0°  C.  to  1°  C,  its  2)ressure  will  increase 
by  Tri^  (f  *^*  original  pressure  at  0"  G.  This  relation  may 
be  expressed  by  writing — 

(iii) 


Pt  =  Po  (1  +  Cj,  t) 

where— 

1    . 
^P  ~  273  ' 

and  as  in  (ii) — 

Pt        1  +  Cpt 

2h'  ~  1  +  Cpf 

(iii  a) 

The  coefficient  Cp  is  sometimes  called  the  mean  coefficient  of 
expansion  at  constant  volume,  which  is  a  contradiction  in 
terms,  and  should  not  be  used. 
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34.  The  air  thermometer.  One  of  the  most  important 
applications  of  tlie  expansion  of  gases  is  the  use  of  air  as  a 
thermometric  substance.  We  have  seen  that  gases  expand 
much  more  than  either  soHds  or  Hquids.  Hence  a  gas 
thermometer  is  much  more  sensitive  than  a  mercurial  one, 
the  expansion  of  the  gas  for  1°  C.  being  more  than  twenty 
times  that  of  mercuiy.  Experiment  has  also  shown  that 
the  change  of  volume  of  air,  with  change  of  temperature, 
is  perfectly  uniform  ;  and  this,  we  have  seen  (Art.  26),  is 
not  the  case  with  mercury.  Further,  the  expansion  of  air 
is  so  great  compared  with  that  of  the  vessel  which  contains 
it,  that  it  is  necessary  to  know  only  the  approximate  law  of 
expansion  of  the  latter.  There  are  other  important  reasons 
for  the  adoption  of  air,  or  other  gas  which  closely  follows 
Boyle's  law,  as  a  thermometric  substance ;  these  we  shall 
con.sider  later  (Art.  43),  when  the  question  of  specific  heat 
has  l)een  dealt  with.  Tlieoretically,  the  air  t  hermometer  may 
take  one  of  three  forms  ;  any  apparatus,  by  means  of  which 
the  mean  coefficient  of  expansion  of  air  at  constant  pressure, 
or  the  mean  coefficient  of  increase  of  pressure  at  constant 
volume  has  l>een  studied,  may  be  used  as  an  air  thermometer ; 
for  if  r^  be  known  we  can  use  the  relation,  V,  =  V„  (1  -{•  (ft), 
to  detemiine  /,  thus — 

Similarly  from  (iii)  we  have — 

We  may  therefore  use  as  an  air  thermometer  either 
of  the  forms  of  apparatus  described  in  Art.  32.  In 
practice,  however,  only  one  form  is  used.  Although  the 
gi-oat  expan.sion  of  gjus  is  in  one  way  an  advantage,  it  is 
a  great  inconvenience  if  we  wish  to  measure  temperature 
by  expansion  at  constant  pressure,  for  the  expansion  is 
so  great  that  a  comparatively  large  proportion  of  the  gas 
necessairily  occupies,  on  expansion,  [x)rtionR  of  the  apparatus 
which  are  not  at  the  tenii)eniture  it  is  desiretl  to  moai«un». 
For  thiH  reason  it  has  been  found  most  convenient  to  employ 
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the  apparatus   used   to  determine  the    mean  coefficient  of 

increase  of  pressure  at  constant  volume  (Fig.  31,  Art.  32). 

In  this  apparatus  the  air  is  maintained  at  constant  volume, 

and  can  therefore  be  kept,  throughout  the  experiment,  at 

the  temperature  it  is  required  to  measure,  and  which  is 

P  —  P 
given  by  t  =  -?- \ 

Here,  P,  is  known  from  the  barometric  height  (H)  at 
the  time  of  the  experiment,  and  the  difference  of  level  [p) 
of  the  mercury  columns  in  the  two  tubes.  It  is  equal 
to  (H  dijo).  P„  is  determined  once  for  all  by  surrounding 
the  bulb  with  melting  ice  and  determining  H  and  p  in  the 
same  way  as  for  P^  above ;  c^  is  known  from  the  results  of 
Regnault's  experiments,  or  may  be  determined  by  a  pre- 
liminary experiment. 

Owing  to  the  fact  that  the  properties  of  air  remain  un- 
changed through  a  very  wide  range  of  temperature,  the  air 
thermometer  may  be  used  to  determine  very  high  or  very 
low  temperatures.  When  used  at  very  high  temperatures 
the  bulb  is  made  of  porcelain,  and  in  this  form  it  is  the 
most  reliable  pyrometer  or  instrument  for  measuring  high 
temperatures.  The  details  of  construction  of  air  ther- 
mometers vary  greatly  according  to  the  purpose  for  which 
they  are  required;  the  bulb  is  often  very  long  and  cylindrical, 
as  shown  at  A  A,  Fig.  25.  For  other  purposes  it  is  com- 
paratively small  and  spherical ;  but  in  all  cases  the 
method  of  experiment  and  the  details  of  calculation  are 
identical.  Fig.  24,  A,  shows  an  air  thermometer  adjusted 
for  use. 

35.  Absolute  temperature.  Imagine  an  air  thermometer 
constructed  out  of  a  long  tube  of  uniform  bore  in  such  a 
way  that  temperature  is  indicated  by  increase  of  volume 
at  constant  pressure,  and  let  the  air  in  the  tube  occupy 
273  cm.  of  its  length  at  0°  C.  If  this  thermometer  were 
plunged  into  steam  produced  at  the  normal  atmospheric 
pressure  the  air  would  expand,  showing  an  increase  of 
volume  equal  to  ^^§  of  its  volume  at  0°C.  Hence,  at 
100°  C.  the  air  would  occupy  373  cm.  of  the  length  of  the 
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tube,  and  if  this  space  of  100  cm.,  between  the  freezing  point 
and  lx)iling  point,  be  di\-ided  into  100  equal  parts  of  1  cm. 
each,  then  each  division  will  corraspond  to  1°C.  If  now  this 
method  of  division  be  carried  down  the  tube  below  the  freez- 
ing point,  the  reailing  at  the  bottom  will  be  —273°  C.  This 
temperature  Ls  called  the  absolute  zero.  If  temperatures  be 
reckoned  fi*om  this  point  as  zerOj  then  the  freezing  point, 
which  is  273°  C.  higher,  is  denoted  by  273°  A.  T.,*  and  the 
boiling  point  is  at  373°  A.  T.,  or,  generally,  ^  C.  becomes 
(273  -j-  t)  on  the  absolute  scale.  Since  this  absolute  zero  is 
at  the  bottom  of  the  tube  it  would  seem  to  imply  that,  at  this 
temperature,  the  volume  of  the  air  is  reduced  to  nothing. 
This  result  is,  of  course,  physically  iniixissible,  and  only  pre- 
sents itself  if  we  falsely  assume  that  air  remains  a  gas  during 
the  whole  range  of  temperature  between  0°  C.  and  —  273°  C. ; 
this  we  know  is  not  the  case,  for  at  a  certain  tempei*ature  it 
would  liquefy,  and  at  a  lower  temperature  become  solid  ;  and 
consequently  its  law  of  contraction  would  altogether  change. 

In  dealing  with  questions  relating  to  gases  it  is  exceedingly 
convenient  to  measure  temperatures  from  this  absolute  zero, 
for  if  we  do  so  we  may  state  that  the  volume  of  a  given  mass 
of  gas  is  proportional  to  its  absolute  temperature.     Thus, 
in  the  case  of  the  uniform  air  thermometer  tul)e  mentioned 
alx)ve,  if  the  volume  of  1  cm.  of  its  length  lie  denoted  by  v, 
then  the  volume  of  the  air  at  273°  A.  T.  Ls  273  v,  at  373°  A.  T. 
it  is  373  V,  and  at  T°  A.  T.  it  is  given  by  T  v,  that  is— 
r,  _  273  +  t  _  T , 
vt       273  + 1'        V 
wIhto  T  and  T'  denote  al)solute  temperatures. 

This  ciin  be  derived  from  relation  (ii),  Art.  32 — 

x7     1  +  r,^ 

Here,  %  =  ^jj,  therefore — 

278+  t 
fL  =  1  +  iW         273      _  278+^  _  T . 
rt       1  +  W,^'~27n7' -■ 273TT  ~  T'        (1) 
278 

*  Abflolato  temperature. 
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In  the  same  way  if  we  consider  the  law  of  variation  of 
pressure  with  temperature  we  shall  find,  that  the  pressure 
exerted  by  a  given  mass  of  gas,  at  constant  volume,  is  pro- 
portional to  its  absolute  temperature.  Thus,  if  the  pressure 
at  0°  C.  be  that  due  to  273  mm.  of  mercury,  then  since  the 
pressure  at  constant  volume  increases  or  diminishes  by  ^iyj 
of  its  value  at  0°  C.  for  a  rise  or  fall  of  1°C.  we  have  — 

the  pressure  at  100°  C.  =  273  +  ^  -273  =  373  mm. 

„  - 1°  C.  =  273  -  7f^-273  =  272  mm. 

- 10°  C.  =  273  -  ^V273  =  263  mm. 

„  -273°  C.  =  273  -  tB-273  =  0      mm. 

If  now  we  re-write  this  table  and  express  the  temperatures 
as  absolute  temperatures  we  have — 

pressure  at  373  A.  T.  is  that  due  to  373  mm.  of  mercury. 
„         „  272      „         „  „        272     „  „ 

„        „  263      „         „  „        263     „  „ 

5>  >»  "          J»  M  »»  ^        »  J? 

This  shows  that  the  pressure  is  directly  proportional  to  the 
absolute  temperature.  This  result  may  be  deduced  directly 
from  relation  (iii)  of  Art.  32  for, 

^  =  ^+^p*  _  l+i^f?^  _  273 +  f  _  T  ^2) 

The  two  relations  (1)  and  (2)  which  we  have  thus  established 
are  of  great  importance.  It  must  be  remembered  that  (1) 
is  true  only  if  pressure  is  constant,  and  (2)  is  true  only  if 
volume  remains  constant. 

It  must  also  be  understood  that  the  absolute  zero  we  have 
adopted  is,  in  some  measure,  arbitrary,  for  we  have  no 
experimental  knowledge  of  the  actual  state  of  a  body  at 
—  273°  C.  and,  in  reality,  the  absolute  zero  chosen  is  only  the 
lowest  reading  that  could  be  indicated  by  an  air  thermometer, 
if  the  properties  of  air  remained  unchanged  down  to  that 
temperature.  The  complete  explanation  of  the  absolute 
scale  of  temperature  belongs  to  Thermodynamics,  and 
cannot  here  be  considered;  but  it  is  interesting  to  know 
that  absolute  temperature,  as  determined  by  the  air  thermo- 
meter, corresponds  very  closely  with  absolute  temperature 
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properly   so  called,  as   determined    from    thermo-dynamic 
considerations. 


36.  Differential  air  thennoscopes.  Leslie's  differential 
thermoscope,  as  shown  in  Fig.  33,  consists 
of  a  bent  tulie  terminating  in  two  equal 
bulbs  containing  air ;  the  bend  of  the  tube 
contains  coloured  sulphuric  acid,  and  the 
quantity  of  air  in  the  bulbs  is  so  adjusted 
that,  when  both  are  at  the  game  tempera- 
ture, the  columns  of  acid,  on  each  side  of 
the  horizontal  part  of  the  bend,  are  at  the 
same  height.  Thus  constructed  the  instru- 
ment is  very  sensitive  to  difference  of 
temperature  of  the  air  in  the  bulbs;  the 
expansion  of  the  air  in  the  warmer  bulb 
depresses  the  column  of  acid  nearest  it 
and  correspondingly  raises  the  other  column. 

Rumford's  thermoscope  is  very  similar  to  Leslie's ;  the 
horizontal  part  of  the  bend  is  much  longer,  and  contains  a 
short  thread  of  alcohol,  which,  acting  as  an  index,  takes  the 
place  of  the  sulphuric  acid  columns. 

These  instruments  are  graduated  by  experiment.  The 
bulbs  are  placed  in  water,  and  the  position  of  the  index 
corresponding  to  the  same  temperature  in  each  is  marked 
on  the  scale.  A  difference  of  10  degrees  is  then  established 
between  the  two  bulbs  and  the  corresponding  index  pasition 
again  marked.  The  difference  of  temperatui-e  between  the 
two  bull)8  is  now  reversed  and  another  mark  made  on  the 
scale.  The  space  between  these  two  extreme  marks  is  then 
sulxlividod  as  required,  and  the  position  of  the  first  mark  is 
taken  as  the  zero  of  the  scaIo. 


.Fig. 
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In  connection  with  the  expansion  of  gases  the  formulated  expressions 
of  the  gaseous  laws  of  Art.  32  should  be  noted  : — 

(1)  Boyle's  Law.  ^n-  =  k  [Art.  32  (i).] 

(2)  Charles'  Law.  n  =  Vo  {l  -\-  Crt)  [  „    „  (ii).] 

(3)  Law  of  pressures,      pt  =  lfo{^  +  Cp  t)  [  „    „  (iii).J 
[In  (2)  and  (3)  experiment  shows  that  tv  =  Cp  =  ^}-^  approximately.] 

These  formulae  are  concisely  expressed  by  the  relation — 

^^l!h^^^J^,  [Art.  32  (iv).] 

or  more  conveniently,  for  the  purposes  of  calculation,  by — 

m=m,  [Art.  86  (3).] 

which  is  the  general  expression  of  formulae  (1)  and  (2)  of  Art.  36. 

The  last  formula  given  involves  six  quantities,  and  it  is  evident  that, 
if  any  five  be  given,  the  remaining  one  can  be  calculated.  If  any 
one  of  the  variables  Cp,v,  T)  involved  be  supposed  constant  it  cancels 
out  of  the  equation  ;  thus,  at  constant  temperature,  w^e  have — 

P{v^=p^v^  (la) 

at  constant  pressure, 


Tj       •   •    t'2   -   Tg 


(1  h).     (Compare  Art.  35.) 


and  at  constant  volume. 


^    ='^       .-.   -^1  =    ^    (Ic).     (Compare Art. 35.) 
i,  ij{  P'i  I2 

When  the  coefficient  of  expansion  {cr  )  is  given,  formula  (iv)  of 
Art.  32  should  be  adapted  in  a  similar  way  to  the  conditions  of  the 
problem.     (See  Ex.  5.) 

The  approxiviate  relations  of  preceding  chapters  shmdd  not  he 
vsed. 
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Examples  VI. 


1.  A  cubic  metre  of  gas  at  760  mm.  pressure  is  subjected,  at  con- 
stant temperature,  to  a  pressure  of  2280  mm.     Find  its  volume. 
Here,  in — 

p^v,  ^p^  r,  (1  a). 


we  have — 

Hence — 
Or— 


p^  =  760  ;  p^  —  2280  mm. 

r,  =  1  cubic  metre ;  r,  is  required. 

760  X  1  =  2280  r^ 
760        1      ,. 

2.  A  litre  of  hydrogen,  at  10° C,  is  heated  at  constant  pressure  to 
293°  C.    Find  its  volume. 
Here,  in — 

-^-  -  ^'  .     (, .). 


we  have- 
Hence — 


T, 


r,  =  1  litre  ;  T,  =  273  +  10  =  283, 
',  =  273  +  293  =  566  ;  r,  is  required. 

1_  _  283  _  1, 
r,  ~  666  ~  2 


.  • .  r,  —  2  litres. 

3.  Air  is  enclosed  in  a  vessel  at  0°  C,  and,  the  volume  l)einjr  kept 
constant,  the  temperature  is  lowered  to  —  88°C.,  at  which  temperature 
the  pressure  is  found  to  be  385  mm.    Find  the  pressure  at  0°  C. 

Here,  in — 

Ty    _   T, 
/',   ~   T, 
we  bare — 

p^  is  roquiretl ;  T,  =  273. 

Pi  =  385  mm. ;  T,  =  273  +  (-88)  =  273-88  =  185. 

Hence — 

Px    _   273 

385    ~    185' 
.  •.  yy,  =  568*1  mm. 

4.  Fi nd  the  \  olu me  occupied  at  l»^C  and  760  mm. pressure  by  600 com. 
of  oxygen  measured  at  10^  C.  and  750  mm. 
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Here,  in— 

e  have — 

j7,  =  750  mm. 

;  j>'i= 

Hence- 


Or- 


700  ram. 
V,  =  600  c.cm.  ;  v^  is  required. 
T,  =  273  +  10  =  283  ;  T^  =  273  -r  0  =  273. 

750  X  500        760^2 
283        ~  '273    ' 

^  ^    273  X  750  X  600 
'  283  X  760 

=  480-635  c.cm. 

5.  A  thousand  cubic  centimetres  of  air  at  60°  C.  are  cooled  down 
to  10°  C,  and  at  the  same  time  the  external  pressure  upon  the  air 
is  increased  from  760  mm.  to  766  mm.  What  is  the  volume  reduced 
to,  the  coefficient  of  expansion  of  air  for  1°  C.  being  0*00366  I 

Here,  applying  formula  (iv)  of  Art.  32,  viz. — 

I  +  Crti         I  +  Cr  t^ 

we  have — 

j)^  =    750  mm.  j^g  =  765  mm. 

t\  =  1000  c.cm.  v.,  is  required. 

ti  =     50°  C.  t,  =    10°  C. 

c,  =  0-00366.  ' 

.      750  X  1000 7653  _ 

*    '    i  +  (0-00366  X  50)  ~  1  +  (0-00366  X  10)' 

.      750  X  1000  _  76nf_^ 
'    '         1-183        ~  10366" 

.  - .  V2  =  859-06  c.cm. 
8.  In  a  determination  of  the  coefficient  of  expansion  of  air  by  Gay 
Lussac's  method  the  volume  of  the  air  in  the  tube  was  found  to  be 
240  c.cm.  at  0°  C,  and  at  77°  C.  its  apparent  volume  was  310  c.cm.  Find 
the  value  obtained  for  the  required  coefficient.  The  mean  coefficient 
of  cubical  expansion  of  glass  is  0-000026. 

11.  A  porcelain  air  thermometer  is  used  to  determine  the  tempera- 
ture of  a  furnace.  The  excess  of  the  pressure  of  the  air  in  the  bulb 
over  the  atmospheric  pressure  is  found  to  be  that  due  to  1843  mm.  of 
mercury.  Find  the  temperature  of  the  furnace,  given  that  the  baro- 
metric height  at  the  time  of  determination  equails  758  mm. 
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12.  A  volume  V  of  gas  at  pressure  P  and  temiHjrature  T  is  heated 
(1)  at  constant  pressure  and  (2)  at  constant  volume  to  a  temperature 
T'.  Express  in  terms  of  P,  V,  T,  and  T'  the  resulting  gtate  in  each  case. 
[The  state  of  a  given  mass  of  gas  is  expressed  by  giving  its  pressure, 
volume,  and  temperature.] 

1 3.  Ten  litres  of  hydrogen  at  20°  C.  and  750  mm.  pressure  occupy  a 
volume  of  9532*4  c.cm.  at  10°  C.  and  760  mm.  pressure.  Find  the  mean 
coefficient  of  expansion  of  hydrogen. 

17.  A  litre  of  hydrogen  weighs  0O896  gram  at  0°C.  and  760  mm. 
pressure.     Find  the  weight  of  a  litre  at  20°  C.  and  766  mm.  pressure. 

18.  Compare  the  density  of  air  at  10"  C.  and  750  mm.  pressure  with 
its  density  at  15°  C.  and  760  mm.  pressure. 

19.  A  flask  containing  air  is  corked  up  at  20°  C.  and  heated  in  an 
air  bath.  A  pressure  of  two  atmospheres  inside  the  flask  will  force 
the  cork  out ;  at  what  temperature  will  this  take  place  ? 

20.  At  what  temperature  "will  a  volume  of  air  at  0°  C,  when  heated 
at  constant  pressure,  double  its  volume  ? 

22.  Find  the  temperature  of  absolute  sero  on  the  Fahrenheit  scale. 
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EXAMINATION   QUESTIONS. 

Questions  set  at  London  University  Examinations. 

Matriculation. 

1.  Describe  the  process  of  filling  and  closing  a  mercurial  thermo- 
meter. It  is  sometimes  found  that  when  a  mercurial  thermometer 
is  pLaced  in  melting  ice,  the  temperature  indicated  is  not  zero,  l)ut  a 
fraction  of  a  degree  above  zero  :  how  is  this  explained  ?    Jan.^  1876. 

2.  Describe  an  apparatus  by  which  the  Coefficient  of  Expansion  of 
a  Gas  may  be  found.  600  cubic  centimetres  of  Oxygen  Gas  are 
measured  when  the  temperature  is  20°  C,  and  the  temperature  is  then 
raised  to  40°  C,  the  pressure  meanwhile  remaining  invariable.  What 
is  the  volume  of  the  Oxygen  at  the  latter  temperature  ?  (The  Co- 
efficient t'f  Expansion  of  Oxygen  is  -^W^.)  June,  1876. 

3.  A  thousand  cubic  inches  of  air  at  a  temperature  of  30°  Care 
cooled  down  to  zero,  and  at  the  same  time  the  external  pressure  upon 
the  air  is  doubled.  What  is  the  volume  reduced  to,  the  coefficient  of 
expansion  of  air  for  1°  C.  being  0-00366  1  Jan.,  1877. 

4.  State  precisely  the  law  which  regulates  the  connection  between 
the  temperature  and  the  pressure  and  volume  of  a  gas,  and  show  that 
the  statement  of  this  law  will  be  the  same,  whether  we  study  the 
increase  of  volume  of  a  gas  whose  pressure  is  constant,  or  the  increase 
of  pressure  of  a  gas  whose  volume  is  constant.  June,  1877. 

5.  Explain  the  phrase  "  mean  coefficient  of  linear  expansion  of  a 
substance  between  0°  and  ^°  ;  "  and  show  that  the  coefficient  of 
cubical  expansion  of  a  metal  is  very  approximately  equal  to  three 
times  its  coefficient  of  linear  expansion.  Ibid. 

6.  What  is  meant  by  "the  point  of  maximum  density  "  of  water? 
Sketch  and  describe  an  apparatus  by  which  this  point  may  be  deter- 
mined. Jan.,  1878. 

7.  If  a  bulb  of  a  thermometer  with  a  fine  stem  be  immersed  in  hot 
water,  it  is  sometimes  noticed  that  the  mercury  falls  before  it  begins 
to  rise.     Explain  this.  June,  1878. 

8.  Describe  some  accurate  method  of  determining  the  coefficient  of 
linear  expansion  of  a  steel  bar. 

If  the  expansion  of  steel  is  ^  that  of  brass  under  the  same  change 
of  temperature,  what  will  be  the  best  arrangement  of  rods  of  these 
metals  to  form  a  gridiron  pendulum  ?  Ibid. 

9.  Why  do  we  generally  speak  of  degrees  of  temperature,  but 
quantities  of  heat  ? 

"  If  two  bodies  are  in  thermal  equilibrium  with  the  same  body, 
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they  are  in  thcnuHl  e(iuilibriura  with  one  another."     How  would  you 
prove  this  statement  experimentally  ?  Jan.,  1881. 

10.  Define  the  coefl5cient  of  linear  expansion  of  a  substance. 
Describe  an  experiment  which  shows  that  the  c<xjfficicnt  of  expan- 
sion of  some  metals  is  much  greater  than  that  of  others. 

Explain  the  construction  of  a  (compensating)  chronometer  balance 
wheel.  June,  1882. 

11.  State  the  law  connecting  the  volume,  pressure,  and  temperature 
of  a  given  mass  of  gas.  Describe  a  method  of  investigating  the  rela- 
tion between  the  pressure  and  temperature  of  a  quantity  of  gas  whose 
volume  is  kept  constant.  Jan.,  1883. 

12.  Diiitinguish  between  the  absolute  and  apparent  expansion  of 
mercury  contained  in  a  thermometer. 

The  coefficient  of  absolute  (cubic)  expansion  of  mercury  is  "00018, 
the  coefficient  of  linear  expansion  of  glass  is  'OOOIKJS.  Mercury  is 
placed  in  a  graduated  glass  tube,  and  occupies  100  divisions  of  the 
tube.  Through  how  niany  degrees  must  the  temperature  be  raised  to 
cause  the  mercury  to  occupy  101  divisions?  Junt',  1883. 

13.  Why  is  it  necessary  to  determine  the  freezing  point  ui)on  a 
thermometer  before  determining  the  boiling  jK)int  ?  Jn  determining 
the  boiling  point,  why  is  it  necessary  to  observe  the  barometer  ?  Is 
the  freezing  point  affected  by  the  height  of  the  barometer,  and  if  so, 
why  ?  Jan.,  1884. 

14.  Distinguish  between  the  coefficients  of  apparent  and  of  al>solute 
nziiansion  of  mercury,  and  explain  how  the  latter  quantity  may  be 
determined.  ./««/',  1884. 

15.  How  may  the  relation  between  the  pressure  and  temperature 
of  a  given  mass  of  air  at  constant  volume  be  determined  ? 

A  quantity  of  air  occupies  10  cubic  feet  at  0°  C.  and  under  a  pres- 
sure of  20  inches  of  mercury.  What  will  be  its  volume  at  30"  C, 
under  a  pressure  of  1,200  inches  of  mercury  ?  Ibid. 

16.  A  glass  flask  contains,  when  full  at  0°C.,  100  c.cm.  of  mercury. 
The  coefficient  of  cubical  exjMinsion  of  glass  being  0-00002r),  and  that 
of  mercury  0'(KH)18,  find  the  volume  at  10(f  C.  of  the  mercury  driven 
out  when  the  flask  and  mercury  are  heated  to  100°.  Jan.  1885. 

17.  Explain  accurately  what  is  meant  bv  the  statement  that  the 
coefficient  of  expansion  of  air  is  ^fj.  'Ihe  volume  of  a  certain 
quantity  of  air  at  aif  C.  is  oCK)  cubic  inches.  Assuming  no  change  of 
pressure  to  take  place,  determine  its  volume  at  —  5U°  C.  and  at  HKfC. 
respoctirely.  Jan.,  1886. 
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CHAPTER    VI. 

CALORIMETRY.        \| 

37.  We  have  already  seen  that  heat  must  be  considered 
as  a  physical  quantity  capable  of  measurement.  Any  of 
the  effects  of  heat  may  be  used  as  a  means  of  measurement ; 
thus,  we  might  adopt  as  unit  of  heat  the  quantity  necessary 
to  convert  one  gram  of  ice  at  0°  C.  into  water  at  0°  C, 
then,  two  units  of  heat  would  be  the  quantity  required  to 
convert  two  grams  of  ice  at  0°  C.  into  water  at  0°  C.  This 
method  of  measurement  is  an  example  of  a  certain  change 
of  state  being  chosen  as  a  means  of  measuring  quantity  of 
heat.  A  similar  system  may  be  employed,  by  choosing, 
as  unit  of  heat,  the  quantity  necessary  to  convert  unit 
mass  of  water  at  100°  C.  into  steam  at  100°  C.  We  might 
also  define  the  unit  of  heat  as  the  quantity  required  to 
produce  a  definite  increase  of  volume,  or  of  pressure,  in  a 
given  mass  of  some  standard  substance,  in  a  particular 
state.  Neither  of  these  methods  necessarily  requires  the 
use  of  the  thermometer. 

The  method  of  measurement  actually  adopted  is,  however, 
thermometric,  and  the  unit  of  heat,  most  commonly  chosen, 
is  the  quantity  required  to  raise  the  temjyerature  of  unit  mass 
of  water  from  0°  G.  to  1°  C.  If  the  unit  mass  chosen  be 
the  yram,  then  this  unit  of  heat  is  called  the  gram-degree 
unit,  and  similarly  for  any  other  unit  of  mass. 

On  this  system  n  units  of  heat  is  the  quantity  required 
to  raise  n  units  of  mass  of  water  from  0°  0.  to  1°  C. 

It  should  be  noticed  that  we  here  tacitly  assume  that,  when 
equal  masses  of  the  same  substance,  in  the  same  state, 
undergo  the  same  thermal  change,  then  the  quantities  of 
heat  required  to  produce  this  change  are  equal.  This  is 
evidently  allowable,  but  if  we  had  stated,  that  n  units  of 
heat  was  the  quantity  required  to  raise  unit  mass  of  water 
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from  0°  C.  to  n°  C.  then  the  assumption  involved  would 
not  be  allowable,  for,  we  have  no  right  to  assume  that  the 
quantity  of  heat  required  to  raise  unit  mass  of  water  from 
1°  C.  to  2°  C,  or  from  2°  C.  to  3°  C,  is  the  same  as  that 
required  to  raise  it  fi-om  0°  C.  to  1°  C,  and,  in  fact,  ex- 
periment shows  that  this  is  not  the  case  though  very 
nearly  so. 

We  shall  then  adopt  as  the  unit  of  heat,  the  qtMrUity 
required  to  raise  one  yram  of  water  from  0°  C.  to  1°  C. 
This  unit  is  sometimes  called  a  calorie.  For  practical 
purposes  it  will  be  necessary  to  consider  the  quantities  of 
heat  required  to  raise  unit  mass  of  water  one  degree  in 
temperature  as  equal  wherever  that  degree  be  chosen  on 
the  scale ;  that  is,  we  must  consider  the  quantity  of  heat 
i-equired  to  raise  unit  mass  of  water  from  t°  C.  to  (<  +  1)°  C. 
as  constant,  and  equal  to  the  unit  chosen  above,  whatever  t 
may  be.  Hence,  if  the  tempei^ature  of  m  grams  of  water  is 
raised  from  fQ.  to  <'°  C,  the  gain  of  heat  is  m{t'  —t)  gram- 
degree  units  of  heat,  and  if  we  assume  that  the  water  gives 
out  the  same  amount  of  heat  in  cooling  fi*om  t'^  C.  to  t°  C. 
as  is  required  to  raise  it  from  t°  C.  to  ^  C,  then,  the  loss 
of  heat  in  cooling  through  this  range  of  temperature  is  also 
equal  to  m{t'—t)  gram-degrees. 

Let  us  now  consider  what  takes  place  when  we  mix 
together  two  quantities  of  water  at  different  temperatures. 
To  take  a  concrete  example,  suppose  that  1 0  grams  of  water 
at  10°  C  are  mixed  with  10  grams  of  water  at  50°  C. ;  then 
(Art.  3)  there  is  a  transfer  of  heat  from  the  water  at 
50°  C.  to  the  water  at  10°  C,  and  this  transfer  goes  on 
until  a  common  temperature  is  reached.  Now,  if  we 
suppose  that  there  is  no  interchange  of  heat  except  that 
between  the  two  quantities  of  water*  we  can  evidently 
state,  that  after  the  common  tempiTatui'e  has  been  reached 

The  loss  of  heat  by  the  water \     /Gain  of  heat  by  the  water 
initially  at  50°  C.  /"\     initially  at  lU"  C, 

and    this    relation    pn:i})los    lis    to    drfci'ininc^    tho    coinnion 


•  This  cannot  tn' tinM-jt'^r  m  .in  a<Tii;ii  <'X|Kjntn<'ni.  n>r  '  •  ik' 

an  interrhange  of  heat  Itutwcen  the  waler  and  the  c«»nt;i  <l. 
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tem{>eratiire  :  for,  if  we  denote  it  by  t,  then  the  10  grams 
of  warm  water  have  been  cofjled  down  from  50°  C.  to  t°  C, 
and  therefore  the  loss  of  heat  is  given  by  10(50  —  t)  gram- 
degree  units  of  heat.  Similarly,  the  gain  of  heat  by  the 
cold  water  is  given  by  10(<  —  10)  gram-degree  units.  Thus 
we  have — 

10(50-0  =  10(^-10), 
500  -  10^  =  10^  -  100, 
20t  =  600, 
.'.t  =  30. 

And  thLs  result  we  see  must  be  correct,  for  10  grams  of 
water  in  cooling  through  20  degrees  (from  50°  C.  to  30°  C.) 
will  lose  the  same  amount  of  heat  as  is  gained  by  10  grams 
of  water  in  being  heated  through  20  degrees  (from  10°  C. 
to  30°  C). 

38.  Thermal  capacity.  We  have  seen  (Art.  5)  that  the 
application  of  heat  to  any  body  produces  effects  which 
depend  on  the  state  of  the  body  and  the  circumstances 
of  the  experiment.  In  what  follows  we  shaU  deal  only 
with  the  effects  indicated  by  change  of  temperature  and 
change  of  state  as  explained  in  Art.  5.  Considering  for 
the  present  only  the  former  of  these  effects,  it  is  found  by 
experiment,  that  if  equal  quantities  of  heat  be  imparted,  in 
any  way,  to  equal  masses  of  different  substances,  different 
temperature  changes  are  produced:  for  example,  if  10 
gram-degree  units  of  heat  be  imparted  to  1  gram  of  water, 
to  1  gram  of  iron,  and  to  1  gram  of  lead  respectively,  then 
the  temperature  of  the  water  will  be  raised  10  degrees, 
that  of  the  iron  nearly  88  degrees,  and  that  of  the  lead 
nearly  323  degi^ees.  It  thus  appears,  that  the  effect  of 
heat  in  raising  temperjiture  is  very  different  for  different 
substances,  and  this  is  expressed  by  saying,  that  the 
thermal  capacity  per  unit  mass  *  differs  with  the  substance. 

*  It  would  be  an  advantage  if  physicists  were  generally  agreed 
to  refer  to  the  thermal  cajfaclty  of  tinit  mass  of  a  substance  as 
tlic  thermal  capacity  of  that  substance.  The  relation  between  the 
thermal  capacity  and  specific  heat  of  any  substance  would  then 
be  exactly  analogous  to  that  between  density  and  specific  gj-a-^ity 
in  the  C.  G.  S.  system. 
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If  a  quantity  of  heat  H  be  employed  in  raising  the 
tenipei  nture  of  unit  mass  of  a  substance,  fix)m  /l°  C.  to  t'°  C, 
tlien  the  mean  thermal  capacity  of  unit  vmss  of  that 
substance  bettceen  t^  (J.  and  t'^  ( '.  is  the  mean  quantity  of 
heat  required  to  raise  unit  vuiss  of  the  stcbstance  tfirough 
1°  C,  and  is  expressed  by 

We  sometimes  speak  of  the  thermal  capa/city  of  a  body^ 
meaning  the  quantity  of  heat  necessary  to  raise  the  tem- 
perature of  the  body  through  one  degree  Centigrade  ;  if  the 
body  be  of  mass  wi,  and  the  thermal  capacity  of  unit  mass 
of  its  material  be  denoted  by  c,  then  its  thermal  capacity 
is  given  by  mc.  The  thermal  cai)acity  of  unit  volume  is 
also  an  important  constant;  the  mass  of  unit  volume  of 
a  substance  is,  by  definition,  the  density  of  that  substance, 
and  if  this  be  denoted  by  rf,  then  the  thermal  capacity  ot 
unit  volume  Ls  given  by  c  d, 

39.  Specific  heat.  The  mean  specific  heat  of  any  sub- 
st^.nce,  for  a  given  range  of  temperatui*e,  may  be  defined  as 
the  ratio  of  the  mean  thermal  capacity  of  unit  mass  of  the 
substance  for  that  range  of  temperature,  to  the  mean  thermal 
capacity  of  unit  mass  of  irater  betweeti  0°  C  and  1°  C. 

The  mean  thennal  aipacity  of  unit  mass  of  water  between 
0°  C  and  1°  C.  has  been  chosen  as  our  unit  of  heat.  Henoe 
we  may  define  the  mean  s])ecific  heat  of  a  substance,  for 
a  given  range  of  temperature,  as  the  measure  of  the  mean 
thermal  capacity  of  unit  mass  of  the  substance  for  the 
same  range  of  temperature.  Thus,  if  the  mean  thermal 
capacity  of  unit  mass  of  a  sul)stanc©  is  0*9  gram-degree 
units  of  heat  the  mean  specific  heat  of  that  substance  is  0*9. 
From  this  it  is  evident  that  the  mean  specific  heat  of  water 
between  0°  C.  and  1°  C.  is  1,  and  that,  if  s  denote  the  mean 
specific  heat  of  any  substance  between  t°  C.  and  <'°  C,  the 
measure  of  the  thermal  capacity  of  unit  volume  of  that 
substance,  within  the  given  range  of  temperature,  is  ex- 
pressed by  ad.      Similarly,  the  measure  of   the  thermal 
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capacity  of  mass  m  of  the  substance  is  given  by  m  s,  and 
the  quantity  of  heat  required  to  raise  the  tempeiature  of 
this  mass  from  f  C.  to  t'°  C.  is  given  hy  Q  =^  m  8  {t'  —  t)  units 
of  heat."'  Q  also  expresses  the  quantity  of  heat  given  out 
when  a  mass  m  of  the  substance  falls  in  temperature  from 
t'°  C.  to  f  C.  This  result  is  important,  and  may  be  stated 
in  words  thus : — The  measure  of  the  quantity  of  heat  * 
gained  or  lost  hy  a  body,  during  a  given  change  of  tempera- 
ture, is  equal  to  the  product  of  the  mass  of  the  body,  into  the 
ajyedfic  heat  of  the  substance  of  the  body,  into  the  change  of 
temperature  considered. 

We  shall  have  occasion  later  on  to  refer  to  the  term 
water  equivalent.  The  water  equivalent  of  any  body  is 
the  mass  of  water  whose  thermal  capacity  is  equivalent 
to  that  of  the  body.  Thus,  if  w  denote  the  water  equi- 
valent of  a  copper  vessel,  of  mass  m  and  specific  heat  s,  we 
have — 

w  X  \  z=z  ms 

that  is,  the  water  equivalent  of  any  body  is  the  prodvxit  of  the 
mass  of  the  body  into  the  specific  heat  of  its  material. 

40.  Determination  of  specific  heat  by  the  method  of 
mixture. 

(1)  Principle  of  the  method.  In  this  method  a  known 
mass  of  substance,  of  which  the  specific  heat  is  to  be 
determined,  is  raised  to  a  known  temperature,  and  then 
immersed  in  a  known  mass  of  water,  also  at  a  known 
temperature.  A  transfer  of  heat  takes  place,  and  goes 
on  until  a  common  temperature,  which  is  indicated  by  a 
thermometer  placed  in  the  water,  is  reached.  From  these 
data  we  are  able  to  express  the  heat  lost  by  the  substance 
and   that  gained  by  the  water,  in  terms  involving  mass, 

*  The  units  of  heat  in  which  Q  is  expressed  must  be  consistent 
with  those  of  m  ;  e.g.,  if  m  is  given  in  grams  then  Q  must  be  expressed 
in  gram-degrees. 

f  It  should  be  noticed  that,  since  #  is  a  mere  number,  v)  must  be 
of  the  same  dimensions  (denomination)  as  m  ;  i.e.,  if  m  is  given 
in  grams  then  w  is  also  expressed  in  grams. 
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sjiecific  heat,  and  change  of  temperature,  and,  on  equating 
these  expressions  (Art.  37),  we  obtain  a  relation  from 
which  we  can  calculate  the  required  specific  heat  of  the 
substance.  To  tiike  an  example,  suppose  100  gi-ams  of 
copper  at  100°C.  are  dropped  into  200  grams  of  water  at 
10°  C,  and  that,  when  the  transfer  of  heat  is  just  over,  the 
common  temperature  of  the  copper  and  water  is  shown, 
by  a  thermometer  placed  in  the  latter,  to  be  14°.  Then  we 
have  by  Art.  39— 

Loss  of  heat  by  copper  =  100  x  «  X  (100  —  14).  (1) 
where  8  denotes  the  specific  heat  of  copper. 

Gain  of  heat  by  water  =  200  x  1  x  (14  -  10).  (2) 

llien,  equating  (1)  and  (2)  (Art.  37),  we  get — 

100x*x86  =  200x4 
8600  *  =  800 

j»  =  -093  nearly. 

This,  so  far,  is  perfectly  simple,  but,  in  practice,  we  must 
evidently  take  account  of  the  fact  that,  not  only  does  the 
water  gain  heat,  but  also  the  vessel  which  contains  it  (the 
calorimeter),  the  thennometer  and  the  stirrer  which  is  used 
to  stir  the  water  during  the  transfer  of  heat  in  order  to 
secure  uniformity  of  temperature  throughout  its  mass.  If 
we  know  the  mass  and  specific  heat  of  the  material  of  each 
of  these  bodies  we  can  proceed  in  exactly  the  same  way  as 
above  to  obtain  a  relation  for  the  determination  of  s.  Tlius, 
to  take  a  genei-al  example,  suppose  m  grams  of  a  given 
8ul)8tance  to  be  heate<l  to  a  tempei-ature  T°  C,  and  dropped 
into  M  grams  of  water  at  temixji-ature  at  t°  C,  and  let  the 
mass  of  the  calorimeter  in  grams  and  the  specific  heat  of  its 
material  be  denoted  by  m^  and  «j,  the  mass  and  specific  heat 
of  the  stirrer  by  wi,  and  tf^,  and  the  mass  and  8|)ecific  heat  of 
the  thermometer  by  7/13  and  ^3  respectively.  Then,  as  l)efore, 
if  0  denote  the  final  temperatui-e  of  the  mixture,  we  have — 

\aw»  of  heat  by  given  substance  =  m  «  (T  —  $). 

(Jain  of  heat — 

(1)  By  water  =  M  x  1  x  (^  -  f ). 

(2)  By  calorimeter  =  w,  x  *,  x  ((?  -  /). 

(3)  By  Btirrer  =  w,  x  #,  x  (</  -  t), 

(4)  By  thcmiometer  =  w,  x  *,  x  (tf  —  t). 
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Hence,  total  gain  of  heat  = 

(M    -f-   W,^i    +    W2''3  +  ^"3'''*3)    (^  -   0  =  M'  (^  —  t) 

wliere 

M'  =  M  +  7«i  s^  +  wij  «j  +  W3  *3. 

Hence,  equating  loss  and  gain  of  heat,  we  have — 
w  s  (T-  d)  =  M.xe  -  t). 


Or— 


s=^'^i-'^  (1). 


In  the  expression  M'  =  M  +  mi  s-^  +  mg  «2  +  ^^^3  *3  we 
see  that  M'  =  M.  plies  the  water  equivalents  (Art.  39)  of  the 
calorimeter,  the  stirrer,  and  the  thermometer.  These  may 
be  determined  by  calculation  from  their  mass  and  specific 
heat,  but  it  is  evident  that  only  those  portions  of  the 
calorimeter  and  thermometer  which  are  in  contact  with 
the  water  can  directly  receive  heat  from  it,  and  hence 
the  result  obtained  by  calculation  would  be  too  great.  For 
this  reason  it  is  generally  necessary  to  determine,  by  ex- 
periment, the  water  equivalent  of  the  whole  calorimetic 
apparatus  under  conditions  which  resemble  as  closely  as 
possible  those  under  which  the  specific  heat  determination 
is  made. 

We  have,  so  far,  assumed  the  specific  heat  required  to  be 
that  of  the  solid,  but  the  method  is  equally  applicable  to 
the  determination  of  the  specific  heat  of  a  liquid. 

(a)  By  enclosing  the  liquid  in  a  thin  vessel,  raising  it  to  a 
temperature  T,  dropping  it  into  water,  and  proceeding  gene- 
rally in  exactly  the  same  way  as  for  a  solid.  In  calculation, 
allowance  would  have  to  be  made  for  the  heat  given  out  by 
the  containing  vessel ;  thus,  if  m  grams  of  a  given  liquid 
(specific  heat  s)  be  enclosed  in  a  thin  glass  vessel  of  mass 
m  and  specific  heat  s',  then  we  have — 

Loss  of  heat — 

(1)  By  liquid  =  w  «  (T  —  ^). 

(2)  By  containing  vessel  =  m'  s'  (T  —  6). 

If  m'  and  a'  be  known  the  relation,  obtained  in  the  usual 
way,  between  loss  and  gain  of  heat,  serves  to  determine  8, 
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(b)  By  placing  a  liquid,  the  specific  heat  of  which  is 
required,  in  the  calorimeter  and  dropping  into  it  a  knovm 
mass  of  a  solid  of  known  sjiecific  heat,  then,  on  equating 
loss  and  gain  of  heat,  we  obtain,  as  before,  an  equation 
from  which  we  may  calculate  the  specific  heat  of  the  liquid. 
In  fact,  an  equation  obtained  in  this  way  from  the  data  of 
any  particular  experiment  gives  us  a  relation  from  which 
we  may  calculate  any  one  of  the  quantities  involved,  pro- 
vided the  others  are  known. 

(2)  Practice  of  the  method.  We  shall  first  describe  the 
apparatus  employed,  and  then  consider  the  method  of  work 
in  determining  the  specific  heat  of  a  given  substance. 

(a)  The  calorimeter  aiul  its  accessories.  The  calorimeter 
is  usually  a  cyhndrical  vessel  of  tliin  copper  which  may  be 
about  10  cms.  high  and  5  cms.  in  diameter.  It  is  generally 
surrounded  by  a  larger  copper  vessel,  of  similar  shape,  in 
which  it  18  either  suspended  by  silk  strings  or  supported  on 
the  points  of  conical  shaped  pieces  of  cork  placed  on  the 
bottom  of  the  outer  vessel.  This  arrangement  is  adopted 
to  prevent  loss  of  heat  by  conduction,  and  by  convection 
and  radiation  to  the  surrounding  air ;  to  further  prevent 
loss  of  heat  *  both  the  outer  surface  of  the  calorimeter 
and  the  inner  surface  of  the  containing  vessel  are  highly 
polished,  for,  it  is  found  by  experiment  that  the  brighter 
the  surface  of  a  body,  the  less  rapidly  will  that  body  lose 
heat  (by  radiation) ;  hence,  in  this  case,  the  calorimeter 
will  lase  heat  slowly,  and  a  portion  of  the  little  it  does 
lose  is  reflected  back  from  the  bright  inner  surface  of  the 
containing  vessel.  The  thermometer,  which  should  be  deli- 
cate and  of  small  range,  may  be  placed  loosely  in  the 
calorimeter  or  supported  in  a  suitable  stand.  The  stirrer 
iLsuully  consists  of  a  small  disc  of  thin  copper  or  bra-ss  j)er- 
forate<l  with  holes  and  attached  to  a  piece  of  wire  carrying 
a  small  wooden  handle. 

*  When  a  hot  body,  e.g.,  a  red-hot  ball  of  iron,  is  snspended  in  tho 

air,  ftn<l  allowetl  to  cxxil,  it  loHcflhent  in  two  way**  :  (1)  ^>y  the  conTOO- 
tion  of  thi;  air,  and  (2)  by  radiation  (Art.  81).  Both  these  soarcw  of 
loffi  are  guarded  against  in  the  alxjvu  arraugement  fl)  by  enoloting 
the  calorimeter  in  an  outer  vessel  and  (2)  by  the  polished  snrflMMk 
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(6)  The  Jieater.  A  convenient  form  of  heater  is  that 
shown  in  Fig.  34.  It  consists  of  a  cylindrical  vessel  A  B  C  D, 
thi"oiigh  the  centre  of  which  passes  a  thin  copper  tube  abed. 
The  space  between  the  two  is  quite  closed  in,  and  communi- 
cates, through  the  tube  i,  with  a  steam  boiler ;  the  steam 
thus  admitted  into  the  vessel  cu'culates  round  abed  and 
finally  escapes  by  the  tube  at  o.  The  tube  ab  c  d\^  closed 
at  its  upper  end  by  a  cork,  through  which  passes  a  ther- 
mometer, t,  and  a  fine  silk  thread,  for  the  suspension  of 
the  body  to  be  heated.  The  w^hole  apparatus  is  fixed  to 
the  stand  S  S',  and  may  be  turned  round  this  stand  into 
the  position  shown  by  the  dotted  lines  in  the  figure,  so  as 

to  be   vertically   over   the 
calorimeter  at  C. 

To  employ  this  apparatus 
for  the  determination  of  the 
specific  heat  of  a  solid  sub- 
stance, a  portion  of  the 
substance,  having  as  large 
a.  surface  as  possible,  is 
^  loosely  rolled  or  bent  into 
a  small  compact  mass, 
weighed  and  attached  to 
the  thread  inab  c  d.  The 
position  of  the  thermo- 
meter, t,  is  such- that  its 
final  reading  can  just  be 
seen  above  the  cork.  The 
length  of  the  silk  cord  is  then  adjusted  so  that  the  sub- 
stance is  suspended  close  to  the  bulb  of  the  thermometer. 
The  steam  is  now  admitted  into  the  heater  and  allowed 
to  pass  until  some  time  after  the  thermometer  indicates 
a  constant  temperature,  which  will  be  less  than  that  of 
the  steam.  In  the  meantime  the  calorimeter  is  got  ready 
for  use.  It  is  first  weighed,  then  filled  rather  more  than 
half  full  of  water,  and  again  weighed;  the  difference 
of  the  weights  thus  obtained  determines  the  mass,  M,  of 
the  water.  The  stirrer-,  s,  and  thermometer,  t',  are  now 
placed  in  position,  and  the  whole  allowed  to  remain   until 


Fig.  34. 
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tbe  tenii»eniture  liecomes  quite  constant.  When  this  is  the 
ciise,  and  when  the  thermometer  in  the  heater  hai*  been 
stationary  for  some  time,  both  temperatures  are  note<i, 
giving  t  and  T  of  (2)  alx)ve.  The  calorimeter  is  then  placed 
as  at  C  in  Fig.  34,  and  the  heater  swung  round  into  the 
jK)sition  shown  by  the  dotted  lines  so  as  to  be  vertically 
over  C.  Then,  by  loosening  the  stiing  which  supports  the 
substance  in  the  heiiter,  the  mass  falls  through  the  hole,  A, 
in  the  tiible  or  shelf,  T,  into  the  calorimeter,  which  is  at 
once  removed  and  the  reading  of  the  thermometer  watched 
while  the  water  is  kept  well  stirred ;  for  a  short  time  the 
temperature  continues  to  rise,  then  it  becomes  stationary, 
and  finally  begins  to  fall.  The  i*eading  is  taken  when  the 
temperature  is  stationary,  and  thus  0,  of  equation  (1) 
of  preceding  article,  is  determined.  If  we  consider  this 
equation  we  see  that  all  the  data  for  calculating  8  have 
been  determined  except  M'.  Now  M'  =M  + water  etjuiva- 
lent  of  calorimeter,  etc.,  and  M  lias  been  determined,  there- 
fore it  only  remains  to  determine  the  water  equivalent  of 
the  calorimeter  and  its  accessorias.  Tliis,  as  we  have  ex- 
plained, miLst  be  done  by  experiment,  and  the  conditions 
of  the  experiment  must  be,  as  nearly  as  possible,  these  of 
the  specific  heat  determination.  For  this  purpase  a  known 
mass  of  water,  very  nearly  equal  to  M,  is  placed  in  the 
calorimeter  and  allowed  to  take  a  temperature  as  near  t  as 
possible.  A  quantity  of  hot  water  is  then  slowly  added 
until  the  temperature  rises  nearly  to  0 ;  the  whole  is  then 
well  stirred,  and  the  final  temperature,  which  will  be  some- 
where near  $,  noted.  From  the  determination  of  the 
quantity  of  water  fii-st  put  in  the  calorimeter,  the  weight 
of  the  calorimeter  and  the  weight  of  the  water  it  contained 
will  be  known,  and  if  it  is  again  weighed,  at  the  end  of 
the  experiment,  the  difference  in  weight  w411  determine  the 
uiam  of  hot  water  which  has  been  added.  Let  this  mass 
bo  denoted  by  mu  and  its  temperature  by  T,  ;  also  let  M| 
denote  the  mass  of  water  first  placed  in  the  calorimeter,  ti 
its  temperature,  and  ^i  the  final  temperature  of  the  mixture. 
Then,  procee<]ing  in  fhe  usual  way. 

Heat  lost  by  hot  water  =  m,(Ti-^i). 
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Heat  gained  by — 

(a)  Water  in  calorimeter     =  M,(^i  —  ^,), 
(6)  Calorimetric  apparatus  =  w(Oi  —  ti), 

where  w  represents  the  water  equivalent  of  the  calorimeter 
and  its  accessories,  that  is,  it  represents  the  mass  of  a 
quantity  of  water,  which  would  absorb  a  quantity  of 
heat  equal  to  that  absorbed  by  the  calorimeter,  etc., 
and  which  may  therefore  be  added  to  M  to  give  M'. 
[Art.  40  (1).] 

Hence,  equating  we  have — 

w,(Ti  -  e,)  =  Mi(^i  - 1,)  +  icid.-t,) ; 
or — 

In  adding  the  hot  water  to  the  water  in  the  calorimeter, 
special  precautions  have  to  be  taken  to  prevent  cooling. 
It  is  generally  run  out,  through  a  fine  copper  tube,  from 
the  inner  compartment  of  a  small  double  vessel  some- 
what similar  in  construction  to  the  heater  described 
above. 

The  water  equivalent  thus  determined  for  any  calorimeti  ic 
apparatus  should  be  noted,  and  whenever  the  appai-atus  is 
used  it  will  only  be  necessaiy  to  add  w  to  the  mass  of  water 
placed  in  the  calorimeter  to  get  the  mass  of  water  (M')  which 
is  equal  in  thermal  capacity  to  that  of  the  water  Jind  the 
apparatus. 

There  is  one  other  precaution  which  it  is  necessary  to 
take,  in  these  experiments,  to  prevent  loss  of  heat  by 
cooling.  Matters  should  be  so  arranged  that  the  tempera- 
ture of  the  room  may  lie  midway  between  t  and  0.  Thus, 
if  the  temperature  of  the  room  is  1 2°  C.  and  we  expect  a 
rise  of  temperature,  from  fC  to  0°C.,  of  about  4  degrees, 
then  t°  should  be  adjusted  to  10°  C.  In  this  way  the 
calorimeter  gains  heat  from  the  air  of  the  room  in  rising 
from  10°  C.  to  12°  C,  and  gives  out  a  nearly  equal  quan- 
tity in  rising  from  12°C.  to  14°  C.  This  arrangement  can 
only  be  effected  in  a  second  or  third  determination  when 
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a  previous  experiment  has  served  to  approximately  deter- 
mine 6. 

If  the  substance,  the  specific  heat  of  which  is  required, 
is  a  solid  in  small  pieces  they  should  be  suspended  in  the 
heater  in  a  basket  made  of  tine  brass  wire;  or,  if  a  liquid, 
it  may  be  enclosed  in  a  thin  glass  vessel  or  placed  in 
the  calorimeter,  as  explained  above.  In  all  cases,  the 
method  of  experiment  is  similar  to  that  described  above, 
and  the  principle  of  calculation  is  the  same — viz.,  heat  lost 
on  one  side  is  equated  to  heat  gained  on  the  other. 

42.  Specific  heat  of  gases.  Regnault  made  careful 
determinations  of  the  specific  heat  of  various  gases.  The 
gai>  was  collected  into  a  reservoir,  and  then  heated  to  a  high 
tempeniture  by  passing  it  tlirough  a  long  spiral  tube 
immersed  in  an  oil  bath.  It  then  passed  thi-ough  a  calori- 
meter where  it  was  cooled  to  the  temperature  of  the  sur- 
rounding water,  and  then  escaped  into  the  aii-.  The  rise 
of  tempei-ature  in  the  calorimeter  was  noted,  and  the 
mass  of  gas  which  had  passed  through  was  determined 
by  the  change  of  pressure  in  the  reservoii*.  On  equating 
the  loss  of  heat  of  the  gas  to  the  gain  of  heat  of  the 
calorimeter  and  the  contained  water,  a  relation  was  ob- 
tained which  served  to  determine  the  specific  heat  of 
the  gas.  Regnault's  experiments  established  the  following 
results : — 

1 .  The  specific  heat  of  a  gas  at  con.stant  pressure  is  the 
same  whatever  that  constant  pressure  may  be. 

2.  All  simple  gases  have,  at  the  same  pressure,  the  same 
thermal  capacity  per  unit  volume. 

3.  The  specific  heat  of  a  gas  is  the  same  at  all  tempera- 
tures. 

It  should  be  noticed  that  gases  have  two  specific  heats, 
according  as  they  are  heated  at  constant  pressure  and 
allowed  to  expand  (specific  heat  at  constant  pressure)  or 
at  constant  volume  without  expansion  (specific  heat  at 
constant  volume).  The  specific  heat  at  constant  pressure 
b  greater  than  the  specific  \umi  at  constant  volume,  be- 
cause, not  only  has  the  temperatui-e  of  the  gas  to  be  raised, 
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but  a  quantity  of  heat,  equivalent  to  the  work  done  during 
the  expansion  against  the  external  pressure,  has  to  be 
supplied  to  the  gas. 

TABLE   OF   SPECIFIC   HEATS. 
Solids  {mean  specific,  heat  between  10°  C.  and  100°  C). 


Copper 

.     -0951 

Antimony 

•0508 

Silver 

.     -0570 

Brass    . 

•0939 

Iron 

.     -1138 

Magnesium 

.     -2499 

Zinc 

.     -0955 

Aluminium 

•2143 

Tin 

.     -0562 

Glass     . 

•1877 

Lead 

.     -0314 

Ice 

•5040 

Gold 

.     -0324 

Sulphur 

•1777 

Platinum 

.     -0324 

Graphite 

•2008 

Bismuth 

.     -0308 

Diamond 

.     -1469 

Liquids. 

Mercmy        .        .        .     -0333 

Alcohol  . 

.     -615 

Sulphuric  acid      .        .     -343 

Oil  of  turpentine    . 

.     -462 

Ether    . 

.     -503     1   Acetic  acid 

.     -659 

&ases  {at  comtant  jyressure). 

Air        ...        .     -2374       Nitrogen 

•2438 

Hydrogen      .        .         .  3-4090       Carbonic  anhydride 

•2163 

Oxygen          .        .        .     -2175       Carbonic  oxide     . 

•2450 

Chlorin< 

i 

.     -1210 

Steam   . 

. 

.     -4805 

43.  Properties  of  a   tjrpical   thermometric  substance. 

We  are  now  in  a  position  to  consider  this  question  more 
fully  than  in  Chap.  II.  Assuming  that  change  of  tem- 
perature is  indicated  by  change  of  volume  of  a  given 
suKstance,  the  chief  properties  necessary  to  constitute  the 
substance  a  typical  one  are : — 

1.  Uniform  expansion  with  increase  oj  temperature 
(Art.  26). 

2.  A  large  coefficient  of  expansion ;  that  is,  the  increase 
of  volume  for  1°  rise  of  temperature  should  be  sufficiently 
large  to  be  capable  of  accurate  measurement. 

3.  Low  therm/il  capacity  per  unit  volume.  When  this  is 
the  case — together  with  (2) — the  thermometer  is  very 
sensible  to  loss  or  gain  of  heat. 
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4.  Constant  sjyecific  Jieat  at  all  temjyeratures.  This  is  a 
very  imix^rtant  re^iuirement.  A  substance  possessing  this 
pix)pei'ty  would  lose  or  gain  equal  quantities  of  heat  for 
each  degi-ee  change  of  temperatura  For  most  substances 
the  specific  heat  increases  with  the  temperature. 

5.  TJie  range  of  temperature^  within  which  tJie  above 
properties  remain  nncliangedj  should  be  as  wide  as  possible. 

6.  Its  power  of  transinission  of  JteeUy  either  by  conduction 
or  convection  (Art.  93)  should  be  great.  Tliis  insures  rapid 
and  uniform  distribution  of  temperature  throughout  its. 
substance. 

The  only  substance  possessing  the  above  properties  in 
the  required  degree  is  air,  or  one  of  the  gases  which  closely 
follow  Boyle's  law,  and,  for  this  reason,  the  air  thermometer 
is  the  most  perfect  instrument  of  its  kind.  The  projierties 
of  mercury,  between  0°  C.  and  100°  C,  very  closely  conform 
to  those  given  above. 
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44.  The  following  results,  obtained  in  the  preceding  chapter,  should 
be  noticed  : — 

1.  Q  =1  m  s  (f  — t)  (Art.  39).  Q  denotes  the  quantity  of  heat  lost  or 
gained  by  a  body  of  mass  m  and  specific  heat  s  during  change  of 
temperature  from  t  to  t'. 

2.  w  =  m  s  (Art.  39).  w  denotes  the  water  equivalent  of  a  body 
of  mass  m  and  specific  heat  s. 

3.  Principle  of  calculation  for  problems  on  method  of  mixture 
(Art.  40).  The  method  r  f  mixture  always  involves  the  loss  of  heat  by 
one  portion  of  the  system  considered,  and  a  corresponding  gain  of 
heat  by  the  remaining  portion.  If  the  former  portion  be  represented 
by  A,  and  the  latter  by  B,  the  principle  of  calculatioa  for  the  method 
may  be  stated  thus — 

The  loss  of  heat  by  A  during^j  (  The  gain  of  heat  by  B  during 
the  change  fi'om  its  initial  1-  =  ^  the  change  from  its  initial 
to  its  final  state  J        [        to  its  final  state. 

In  applying  this  the  following  points  must  be  attended  to  :  (a) 
There  must  be  no  loss  or  gain  of  heat  from  without,  (h)  The  total 
mass  of  the  system  must  be  constant  throughout.  This  condition  is 
really  involved  in  (a). 


Examples  VII. 

1.  Ten  grams  of  water  at  98°  C.  are  poured  into  a  copper  vessel, 
weighing  2.5  grams  and  containing  100  grams  of  water  at  6^^  C.  Find 
the  final  temperature  of  the  mixture.     Specific  heat  of  copper  =0-01)2. 

Here,  if  6  denote  the  final  temperature,  we  have — 

The  heat  lost  by  the  ten  grams  of  water  initially  at  98°  C. 
=  10(98  -  6)  units. 

Heat    gained.— (1)   By  copper   vessel  =  25  x  •092(^  -  6)  units 
=  2-3(^  -  «)  units. 

(2)  By  water  in  copper  vessel  =  100(^  —  G). 

Hence,  equating  we  get 

10(98- ^)  =  102-3(^-0). 
.  •.  112-3  d  =  1593-8,  or  ^  =  14-2°  C.  (nearly). 
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2.  In  order  to  detennine  the  specific  heat  of  silver,  a  piece  of  the 
metal,  weighing  21  grams,  is  heated  to  98"  C.  and  then  dropped  into  a 
calorimeter  containing  100  grams  of  water  at  10°  C.  The  final  tem- 
perature of  the  mixture  is  11°C.  ;  find  the  specific  heat  of  silver. 
The  water  equivalent  of  the  calorimetric  apparatus  is  3-6  grams. 

Here,  if  »  denote  the  specific  heat  of  silver,  we  get — 
Heat  lost  by  the  silver  =  21  x  <  x  (98-11)  =  1827*  units. 
Heat  gained — 

(a)  By  calorimetric  apparatus  =  3*6(11  —  10)  =  3*6  units. 

lb)  By  water  in  calorimeter  =  100(1 1  — 10)  =  100  units. 
Hence,  equating  we  get — 

1827  *  =  103-6. 

3.  Ten  grams  of  common  salt,  at  91"  C,  having  been  immersed  in 
125  grams  of  oil  of  turpentine  *  at  13**  C.,  the  temperature  of  the 
mixture  was  16°  C.  B^ind,  from  these  data,  the  sjMJcific  heat  of 
common  salt,  supposing  no  loss  or  gain  of  heat  to  have  taken  place 
from  without  and  taking  the  specific  heat  of  oil  of  turpentine  as  0*428. 

Here  we  have — 

10  X  *  X  (91-16)  =  125  X  0*428  x  (16-13) 
.-.    750*  =160*5 

...     ,=  1|0_5  ^0*214. 
750 

4.  A  mass  of  200  grams  of  cop{ier,  whose  specific  heat  is  0-095,  is 
hcatetl  to  100°  C,  and  placed  in  lOO  grams  of  alcohol  at  8°  C,  con- 
tained in  a  copper  calorimeter,  whose  mass  is  26  grams,  aiul  the 
temperature  rises  to  28*r)°  C.     Find  the  8i)ecific  heat  of  the  alcohol. 

The  heat  lost  by  the  copper 

=  200  X  -095  X  (100-28*6) 
=  (200  X  -095  X  71*6)  gram-degrees. 
The  heat  gained — 
(a)  By  the  calorimeter  =  25  x  095  x  (28-5-8) 

=  (25  X  095  X  20*5)  gram-dcgrecs, 
(ft)  By  the  alcohol 

=  (100  X  «  X  20*6)  gram-degrees, 

where  t  denotes  the  specific  beat  of  the  alcohol.     Then,  equating 
total  low  and  gain  of  heat,  we  have — 

(200  X  096  X  71-6)  =  (25  x-OQBx  20*6)  +  (100  x  20-6  x  #), 

1368*6  =  48  6875  +  2060  t, 

.'.   2060  «=  1309*8125. 

.-.  «  =  0*6389. 


*  Water  could  not  be  uwhI  in  this  case  as  common  salt  is  soluble 
in  water.    This  |>oint  should  be  noticed. 
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5.  The  following  (lata  were  obtained  in  an  exjierimentforthc  deter- 
mination of  the  water  equivalent  of  a  given  calorimetric  apiMiratus. 

Weight  of  apparatus 45028  grams. 

„        „  ,,  +  water  .        .         .  224'r)83     „ 

Initial  temperature  of  apparatus  and  water  9°  C. 

Temperature  of  hot  water  .         .         .        .  78°  C. 

Final  temperature 13-2°  C. 

Weight  of  apparatus  after  addition  of  hot  water  236-493    „ 

[^Kote. — These  data  are  given  in  the  order  of  their  determination 
in  an  actual  experiment.] 

Here — 
Weight  of  water  in  calorimeter  =  224-583 -45-623  =  178-960  grams, 
and  weight  of  hot  water  added  =  236*493-224-583  =  11-91  grams. 

Therefore,  if  iv  denote  the  water  equivalent  of  the  apparatus,  we 
have — 

(178-96 +  w)  (13-2-9)  =  11-91(78-13-2), 
4-2  (178-96  +  rv)  =  11-91  x  64-8, 
751-632  +  4-2  2^;  =  771 -768, 
.-.  4-2  M)  =  20-136. 

. '.    w  =  4-794  grams. 

6.  A  ball  of  platinum,  whose  mass  is  200  grams,  is  removed  from 
a  furnace  and  immersed  in  150  grams  of  water  at  0°  C.  If  we 
suppose  the  water  to  gain  all  the  heat  which  the  platinum  loses,  and 
if  the  temperature  of  the  water  rises  to  30°  C,  what  is  the  temperature 
of  the  furnace  ?     Specific  heat  of  platinum  is  0  031. 

Here,  if  T  denote  the  temperature  of  the  furnace,  we  have — 
200  X  -031  (T- 30)  =  150  x  30. 
.-.  6-2(T-30)  =  4500. 

.-.  6-2  T  =  4500 +  186. 
.-.  6-2  T  =  4686. 

•••  T  =^11^  =  755-8°  C. 

[This  example  indicates  a  method  of  measuring  very  high  tem- 
peratures.] 

9.  280  grams  of  zinc  (specific  heat  =  -095)  are  raised  to  the  tem- 
perature 97°  and  immersed  in  150  grams  of  water  at  14°  contained  in 
a  copper  calorimeter  weighing  96  grams.  The  specific  heat  of  copper 
being  -095,  what  will  be  the  temperature  of  the  mixture  supposing 
that  there  is  no  exchange  of  heat  except  among  the  substances  men- 
tioned ?    What  is  the  water  equivalent  of  the  calorimeter  employed  ? 

10.  A  copper  vessel  containing  a  thermometer  is  at  12°  C. ;  50  grams 
of  water  at  60°  are  poured  in,  and  the  temperature,  after  stirring,  is 
found  to  be  50°  :  find  the  thermal  capacity,  or  water  equivalent,  of 
the  vessel  and  thermometer. 
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12.  Determine  the  specific  heat  of  copper  from  the  following  data  : 
Weight  of  copper 16'65  prams. 

„  water  in  calorimeter       .         .        .49 

Initial  temperature  of  copper  ....     99*5'*  C. 

,,  „  water  and  calorimeter.     12^C. 

Final  „  mixture        .        .        .     14-5°  C. 

Water  equivalent  of  calorimeter,  etc.       .        .    2*1  grams. 

13.  Determine  the  specific  heat  of  alcohol  from  the  following 
data: 

Weight  of  copper  calorimeter  ....  20*4  grams. 

„  „  „  +  alcohol        .  70-6       „ 

,,  „      dropped  into  calorimeter       .  10-5       „ 

Initial  temperature  of  calorimeter  and  alcohol  10°  C. 

„  .,  „  copper  .        .  .  gS^C. 

Final  „  „    mixture.  .  12-6°  C. 

15.  A  piece  of  platinum,  weighing  120  grams,  is  taken  from  a 
furnace  and  at  once  dropped  into  100  grams  of  water  at  10°  C,  con- 
tained in  a  copper  vessel,  weighing  21  grams.  The  final  temperature 
is  found  to  be  37°  C. :  find  the  temperature  of  the  furnace. 

16.  100  grams  of  mercury  at  260°  C.  are  mixed  with  80  grams  of 
mercury  at  15°  C.  in  a  glass  vessel  weighing  35  grams.  Find  the  final 
temperature  of  the  mixture. 

17.  Regnault  found  that  100*5  units  of  heat  were  required  to  raise 
the  temperature  of  unit  mass  of  water  from  0°C.  to  100°  C,  and 
203*2  units  to  raise  its  temperature  to  200°  C.  Find  the  mean  specific 
heat  of  water  between  0°C.  and  100^0.,  between  100°  C.  and  200°  C, 
an<l  between  (f  C.  and  200^  C. 
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CHAPTER  VII. 

CHANGE  OF  STATE. 

Liquefaction  and  Solidification. 

45.  In  general,  when  a  solid  body  is  continuously  heated, 
the  temperature  rises  regularly  for  some  time  until  a  par- 
ticular temperature  is  reached.  At  this  temperature  the 
solid  begins  to  melt,  and  during  the  process  of  melting 
or  liquefaction  the  temperature  remains  perfectly  con- 
stant. When  the  last  particle  of  the  solid  has  become 
liquid  the  temperature  again  begins  to  rise,  and  con- 
tinues to  do  so  until  another  higher  temperature  is 
reached,  when  it  again  becomes  stationary,  and  remains 
so  until  all  the  liquid  is  converted  into  vapour.  So  long 
as  this  process  continues  the  temperature  remains  con- 
stant, but  when  complete,  the  temperature  of  the  vapour 
thus  formed  will  rise  with  the  continued  application  of  heat. 
These  phenomena,  resulting  from  the  continued  applica- 
tion of  heat  to  a  substance  originally  solid,  are  produced 
in  the  inverse  order,  if,  while  the  other  conditions  of  the 
experiment  remain  unchanged,  the  thermal  conditions  are 
reversed.  Thus,  if  the  vapour  referred  to  above,  after 
having  been  heated  some  degrees  higher  than  the  tempera- 
ture at  which  vaporization  took  place,  be  slowly  cooled,  its 
temperature  will  fall  until  condensation  sets  in  at  the  tem- 
perature at  which  vaporization  was  effected,  and  during 
condensation  the  temperature  remains  constant.  When 
all  the  vapour  has  been  converted  into  liquid,  that  is, 
when  condensation  is  complete,  the  temperature  again  begins 
to  fall,  and  continues  to  do  so  until  the  temperature  of 
liquefaction  is  reached.  At  this  temperature,  solidifica- 
tion commences,  and  continues,  at  constant  temperature, 
until  all  the  liquid  is  converted  into  solid.     After  this  the 
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temperature  continues  to  fall  so  long  as  cooling  goes  on. 
These  changes  ai-e  supposed  to  take  place  under  the 
influence  of  heat  in  all  substances,  but  the  temperatures 
of  liquefaction  and  vaporization  for  different  substances  are 
widely  different,  and  in  some  substances  our  means  of 
producing  heat  and  cold  are  too  limited  to  effect  the  changes. 
Thus,  iron  melts  at  a  very  high  temperature,  platinum  at  a 
still  higher,  and  although  carbon  has  been  somewhat  softened 
it  has  not  been  thoroughly  liquefied.  On  the  other  hand, 
many  of  the  gases  condense  only  at  very  low  tempei'^.tures  and 
solidify  at  temperatures  much  lower,  and  it  is  only  in  recent 
years  that  the  so-called  permanent  gases,  oxygen,  hydrogen, 
nitrogen,  air,  etc.,  have  been  liquefied,  and,  in  some  cases, 
solidified.  Although  our  i*ange  of  observation  is  thus 
somewhat  limited  by  oiu*  means  of  producing  heat  and  cold, 
yet  we  have  sufficient,  and  continually  increasing  evidence, 
that  every  substance  exists  in  three  states — the  solid, 
liquid,  and  gaseous,  though  the  range  of  temperature 
corresponding  to  any  particular  state  is  very  different  for 
different  sutetances.  When  we  speak  of  a  substance  as 
a  solid,  liquid,  or  gas  we  refer  to  its  condition  at  ordinary 
temperatures. 

We  have  seen  that  during  change  of  state  the  tempera- 
ture remains  constant,  although  the  substance  is  either 
gaining  or  losing  heat.  This  implies  that  during  one  phase 
of  the  change  the  substance  absorbs  a  quantity  of  heat 
without  ex|)eriencing  any  rise  of  temperature,  and,  during 
the  inverse  pha.se  of  the  change,  it  gives  out  a  quantity 
of  heat  without  indicating  any  corresponding  fall  of 
temperature.  Heat  thus  absorbed  or  emitted,  at  constant 
temperature,  during  change  of  state  has  been  called  latent 
heat. 

46.  Liquefaction  and  solidification.  Experimental  investi- 
gation shows  that  tlio  olian^'e  from  the  solid  to  the  licjuid 
state  is  subject  to  a  few  simple  hvws  which  are  also  applicable 
to  the  inverst?  change  from  the  h<|uid  to  tlie  solid  state. 

Tliese  are  given  below,  in  terms  appliaible  to  the  nature 
of  the  change. 
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I.  Laws  of  liquefaction  or  fusion. 

(i)  Each  substance  begins  to  melt  at  a  definite  teinpera- 
tiii*e  which  is  constant  for  the  same  substance  under  the 
same  conditions.  This  temperature  is  called  the  melting 
point,  and  is  one  of  the  specific  constants  of  that  substance, 
serving  to  distinguish  it  from  other  substances. 

(ii)  The  rate  at  which  liquefaction  takes  place  is  propor- 
tional to  the  supply  of  heat,  but  the  temperature  remains 
constant  from  the  time  when  fusion  commences  until  it  is 
complete. 

(iii)  If  a  substance  contract  on  fusion,  e.g.  ice,  its 
melting  point  is  lowered  by  pressure,  but  if  it  expand, 
e.g.  beeswax,  its  melting  point  is  raised  by  pressure. 

(iv)  Each  substance  during  fusion  absorbs,  per  unit  mass, 
a  definite  quantity  of  heat  which  is  constant  for  the  same  sub- 
stance under  the  same  conditions.  The  heat  thus  absorbed 
by  any  substance  is  called  its  latent  heat  of  fusion. 

II.  Laws  of  solidification. 

(i)  Each  substance  begins  to  solidify  at  a  definite  tem- 
perature which  is  constant  for  the  same  substance  under 
the  same  conditions,  and  is  the  same  as  the  melting  point. 
[This  temperature,  in  the  case  of  water,  is  called  the  freezing 
point — no  general  name  has  been  given  to  it.] 

(ii)  The  rate  at  which  solidification  takes  place  depends 
on  the  rate  at  which  the  substance  loses  heat,  but  the 
temperature  remains  constant  from  the  time  when  solidifi- 
cation commences  until  it  is  complete. 

(iii)  If  a  substance  expand  on  solidification,  e.g.  water, 
the  temperature  of  solidification  is  lowered  by  pressure,  but 
if  it  contract,  e.g.  beeswax,  its  temperature  of  solidification 
is  raised  by  pressure. 

(iv)  Each  substance  during  solidification  gives  out,  per 
unit  mass,  a  definite  quantity  of  heat  which  is  constant  for 
the  same  substance  under  the  same  conditions.  [This  is 
also  called  the  latent  heat  of  fusion,  because  the  heat  is 
supposed  to  become  latent  during  fusion,  and  is  restored  on 
solidification.] 

These  laws  of  fusion  and  solidification  correspond  exactly 
to  one  another  and  need  only  be  learnt  in  one  form ;  they 
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have  Ijeen  given  here  in  full,  that  the  student  may  under- 
stand as  clearly  as  possible  the  nature  of  the  changes  to 
which  they  refer. 

There  are  some  substances  which  do  not  exactly  conform 
to  these  laws;  of  these,  glass  is  a  well-known  example — 
in  passing  from  the  solid  to  the  liquid  state  it  passes 
through  an  intermediate  viscous  state  where  it  gradually 
softens,  and  becoming  less  and  less  viscous,  finally  becomes 
liquid  at  a  temperatui-e  much  higher  than  that  at  which  it 
began  to  soften.  There  are  also  some  instances  of  solids 
passing  directly  into  the  gaseous  condition  (e.g.  iodine) 
and  of  gases  or  vapours  passing  directly  into  the  solid 
state  (e.g.  sulphur  vapour).  This  process  is  called  sublima- 
tion. 

Ati.  Determination  of  the  melting  point  of  a  substance. 
The  methotl  of  detcruiining  the  molting  |K»int  of  a  given 
substance  depends  on  the  nature  of  the  substance — for 
example,  the  determination  of  the  melting  points  of  mer- 
cury and  glass  would  require  somewhat  different  methods, 
lioth  because  the  temperatures  are  widely  different,  and 
because  the  natuie  of  the  change  of  state  Ls  different  in 
the  two  cases  (Art.  46).  We  shall  describe  a  method 
which  is  applicable  where  the  melting  point  lies  between 
0°  C.  and  1 00°  C.  A  small  quantity  of  the  sul>stance  whose 
melting  point  is  to  be  determined,  is  put  into  a  fine  capillary 
tube  about  5  cm.  long,  and  c1os<h1  at  on<*  end.  This  tub© 
is  then  attached,  by  small  india-rubber  bands,  to  the  bulb 
and  lower  portion  of  the  stem  of  a  thermometer.  This 
arrangement  is  then  fixed  in  a  suitable  stand  and  placed  in 
a  lieakcr  of  water  in  such  a  position  that  the  o{)en  end  of 
the  capillary  tube  is  just  alx)ve  the  surfac^e  of  the  water. 
TIm'  water  in  the  beaker  is  slowly  heate<l,  and  the  .sulistjince 
(Ml.  fully  watched.  At  a  certain  stage  of  the  ex|>eriment 
,'  will  .suddenly  take  place;  the  temperatui-e  of  the 
1  meter  should  then  be  read,  and  noted  ai<  the  ap- 
l-r^rininte  melting  |)oint  of  the  sulwtanw.  Tlie  exi)ennient 
.shoulil  now  be  repeated,  and  afl  the  temperature  approaches 
the  melting  point  previously  detorminetl  the  heating  should 
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be  very  gradual.  The  temperature  at  which  melting  is  now 
noticed  will  be,  very  approximately,  the  melting  point  of 
the  substance. 

By  using  oil  in  a  suitable  bath  this  method  of  observation 
may  be  extended  to  temperatures  much  higher  than  100°  C. 


Table  of  Melting  Points. 


Platinum . 

.     2000°  C. 

Glass 

1100°  C. 

Wrought  iron 

.     1550°  C. 

Borax 

](X)0°  C. 

Gold 

.     1200°  C. 

Cane  sugar 

160°  C 

Cast  iron . 

.     1200°  C. 

Sulphur 

111°  C. 

Copper     . 

.     1090°  C. 

White  wax 

68°  C. 

Silver 

.     1000°  C. 

Paraffin 

64°  C 

Zinc 

.       360°  C. 

Spermaceti 

44°  C. 

Lead 

.       330°  C. 

Phosphorus 

43°  C. 

Cadmium 

.       320°  C. 

Butter      . 

3.3°  C. 

Bismuth  . 

.       267°  C. 

Lard 

33°  C. 

Tin  . 

.       230°  C. 

Ice 

0°C. 

Sodium     . 

90°  C. 

Bromine 

-21°  C. 

Potassium 

58°  C. 

Mercury 

-40°  C. 

49.  Latent  heat  of  fusion.  Latent  heat  has  already  been 
explained  in  general  terms,  and  the  latent  heat  of  fusion 
is  defined  in  Law  (iv)  above.  We  may  here  define  it  for 
any  substance  as  the  quantity  of  heat  ahsorhed  hy  unit  mass 
of  that  substance  in  passing  from,  the  solid  to  the  liquid  state 
without  change  of  temperature.  The  heat  thus  absorbed  is 
chiefly  spent  in  doing  molecular  work  in  the  substance. 
As  we  have  seen  (Art.  2)  heat  is  considered  to  be  a  form  of 
energy,  and,  as  such,  is  capable  of  doing  work ;  when  heat 
is  applied  to  a  body,  and  causes  a  change  of  temperature, 
it  is  assumed  that  the  kinetic  energy  of  the  molecules  of  the 
body  is  increased  ;  but  when  heat  produces  a  change  of 
state,  internal  molecular  work  is  done  in  establishing  the 
new  state  of  aggregation,  and  external  work  is  done  in 
effecting  the  accompanying  change  of  volume  against  the 
external  atmospheric  pressure.  The  so-called  latent  heat 
has  thus  its  equivalent  in  the  increased  molecular  potential 
energy  of  the  substance  in  its  new  state,  and  for  this  reason 
a  better  name  for   latent   heat  would  be  potential   heat. 
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50.  Determination  of  the  latent  heat  of  water.     The 

number  of  units  of  heat  reciuired  to  coiiveit  1  gram  of  ice 
at  0°  C  into  water  at  0°  C.  is  called  the  latent  heat  of  water. 
If  L  denote  the  latent  heat  of  water,  then  the  heat  absorbed 
during  the  conversion  of  m  grams  of  ice  at  0°C.  into  water 
at  0°  C.  is  denoted  by  7Ji  L.  If  the  gram  be  taken  as  unit  of 
mass,  then  L  is  very  approximately  equal  to  80  gram-degree 
units  of  heat.*  In  order  to  determine  the  latent  hejit  of  water 
a  calorimetric  method,  very  similar  to  the  method  of  mixture, 
is  adopted.  The  calorimeter  is  prepared  in  the  usual  waiy, 
by  placing  in  it  a  known  quantity  of  water  at  a  known 
temperature.  A  number  of  small  well-dried  pieces  of  ice 
are  then  added,  and  stirred  round  until  completely  melted. 
When  this  is  the  case  the  thermometer  is  read,  and  the 
calorimeter  again  weighed,  in  order  to  determine  the  weight 
of  ice  added.  From  these  datn ,  k  nowing  the  water-equivalent 
of  the  calorimeter,  we  can  calculate  the  latent  heat  of  water. 
Thus  let  M  denote  the  mass  of  water  in  the  calorimeter, 
I  its  temperature,  w  the  water-equivalent  of  the  calorimeter, 
$  the  final  temperature  of  the  water  after  the  melting  of  the 
ice,  and  m  the  mass  of  ice  added.     Then — 

(a)  Heat  lost  by  water  and  calorimeter  =  (M  +  a')  (t  —  0). 
(i)  Heat  absorbed  by  ice  during  change  of  state  I  _      t 

from  ice  at  OP  C.  to  water  at  (J°  C.  )  ~      '" 

(r)  Heat  gained  by  water  thus  produced  in  being  )  _      ^ 

raised  from  0°  C.  to  ^  C.  (  -  '"  ^' 

But,  equating  a  =  6  +  c,  we  have — 

(M  +  w)  (f  -  ^)  =  f»  L  +  m  6. 


Ot— 
Or— 


••  L  =  (M  +  it)  (^  -  ^)  -  »i  tf. 


*  In  ezpreMlng  quantity  of  heat  in  particular  units,  care  must  be 
taken  to  CDOOte  ft  unit  oontiflt«nt  with  tho  unit  <>f  mnm  employed  in 
the  same  connection.     For  •  -nt  heat 

of  water  at  0^  C,  as  the  qua:  '  1  gram 

of  ice  at  (fC.  into  wator  at   i<i<   ^>i.ic  ivi^i|>ciiti.uiv;  i«ivt<  L  must  be 
expreaed  in  gram-degrMi. 
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Table  op  Latent  Heats  op  Fuhion. 


Tin. 

14-2 

Cadmium 

U'ii 

Bismuth 

12« 

Sulphur  . 

9t 

Le<ad 

5-4 

Phosphorus     . 

50 

Mercury . 

2-8 

Ice 80-0 

Nitrate  of  sodium  .  .  63-0 
Nitrate  of  potassium  (nitre)  47*4 
Zinc  ....  28-1 
Silver  .  .  .  .  2M 
Bromine.  .  .  .  16-2 
Iodine     .        .        .        .11-7 

51.  Solution.  When  a  solid  is  dissolved  in  a  liquid  we 
have,  in  genei-al,  two  distinct  efiects  produced  : 

(a)  The  physical  change  of  state  of  the  solid ; 

(b)  Chemical  combination. 

In  solution,  properly  so  called,  only  {a)  takes  place,  and 
the  process  is  therefore  always  accompanied  by  a  fall  of 
temperature  due  to  the  absorption  of  the  latent  heat  of 
fusion  from  the  solution.  For  example,  the  solution  of 
sodium  sulphate  or  ammonium  nitrate  in  water  lowers  the 
temperature  of  the  solution  to  about  15°  C,  and  for  this 
reason  these  solutions  are  often  used  as  freezing  mixtures. 
In  the  majority  of  cases,  however,  chemical  action  takes 
place  as  well  as  simple  solution,  and  we  then  have  two 
thermal  effects  corresponding  to  (a)  and  (6)  above.  The 
change  referred  to  in  (a)  is  always  accompanied  by  absorp- 
tion of  heat,  and  that  of  (b)  always  produces  heat,  and  thus, 
the  final  effect  depends  on  whether  the  absorption  of  heat 
during  (a)  is  greater,  equal  to,  or  less  than  the  evolution  of 
heat  during  {b).  For  example,  a  mixture  of  4  parts  of 
sulphuric  acid  and  1  part  of  snow  produces  a  rise  in  tempera- 
ture of  90°  C,  but  a  mixture  of  1  part  of  acid  and  4  parts  of 
snow  produces  a  fall  of  temperature  of  —  20°  C. 

A  freezing  mixture  is  one  in  which  a  low  temperature 
is  produced  by  the  absorption  of  heat  resulting  from  the 
change  of  state  of  some  constituent  of  the  mixture.  It 
must  be  understood  that  the  low  temperature  of  the  mixture 
is  only  temporary ;  it  is  produced  during  the  change  of  state 
in  the  mixture  and  is  complete  when  that  is  complete. 

The  simplest  freezing  mixtures  are  those  referred  to  above, 
where  the  fall  of  temperature  results  from  simple  solution. 
A  common  mixture  for  laboratory  purposes  is  salt  and  ice, 
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or  salt  and  snow.  In  this  mixture  both  constituents  change 
state,  and  the  temperature  resulting  from  this  double  ab- 
sorption of  heat  is— 22°C.,  which  is  the  fi-eezing-point  of 
a  definite  compound  of  salt  and  water. 

A  mixture  of  4  parts  of  chloride  of  calcium  with  3  of 
snow  produces  the  low  temperature  of  —51°  C. 

52.  Ice  calorimeters.  We  have  seen  that  when  1  gi-am 
of  ice  is  melted  80  gi-am-degree  units  of  heat  are  absorbed. 
This  fact  has  been  applied  in  the  construction  of  ice  calori- 
metei-s  for  the  determination  of  specific  heat.  With  the 
exception  of  that  of  Bunsen  (described  below)  they  are 
not  now  much  in  use.     We  shall  descnbe  two  forms. 

1.  Tlie  ice  calorimeter  of  Laplace  and  Lavoi^er,  This 
calorimeter  (Fig.  35)  consists  of  three  vessels.  The  inner 
one,  A,  is  made  of  thin  copper, 
and  is  used  only  as  a  receptacle 
for  the  heated  body.  The  middle 
vessel,  B,  inside  which  A  is 
placed,  is  the  calorimeter  proper ; 
the  space  between  A  and  B  is 
filled  up  with  small  pieces  of  ice, 
which  are  melted  by  the  heat 
lo«t  by  the  heated  body  in  A  in 
cooling  down  t^)  zero.  The  vessel 
B  is  surrounded  by  an  outer 
larger  vessel,  C,  and  tlie  space 
between  B  and  C  is  tilled  up 
with  ice ;  this  arrangement 
prevents  the  melting  of  the  ice 
in  B  by  heat  absorbed  from 
tube,  tf  passes  from  the  bottom 
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the  surrounding  air.  A 
of  B  through  V  down  to 
a  small  vessel,  D,  placed  to  receive  the  water  resulting  from 
the  melting  of  the  ice  in  B.  The  tube  t'  is  usetl  merely  to 
run  off  the  water  which  collects  in  the  ice-jacket  C.  To 
determine  the  specific  heat  of  a  sulistance  by  means  of 
this  calorimeter,  a  known  mass,  in,  of  the  substance  is  heated 
to  T°('.  in  a  heat«r  (Art.  40),  and  dropi)e<l  into  A.  The 
ice  in  B  is  melted,  and  the  water  produced  runs  out  into  the 
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vessel  D.  The  mass  of  water  thus  produced  is  determined 
by  weighing,  and  from  these  data  the  specific  heat  of  the 
substance  can  be  calcuhited.  Thus,  if  m'  denote  the  mass  of 
water  produced,  and  L  the  latent  heat  of  water  we  have, 
since  the  final  temperature  of  the  substance  is  zero — 
m  *  (T  —  0)  =  vi'  L,  or  ;;/  *  T  =  vi'  L. 

.      m'  L 

~  wTT* 

This  calorimeter  is  simple  in  principle,  but  it  does  not 
give  accurate  results,  because  the  mass  of  the  water  which 
runs  out  into  D  is  not  equal  to  the  water  produced  in  B. 

2.  Bunsen's  ice  calorimeter.  The  action  of  this  calorimeter 
depends  upon  the  fact  that  ice  ««.«BBB«^„.a.=^ 
contracts  on  melting.  One 
gram  of  ice  has  a  volume  of  1*0908  c.cm.,  and 
the  volume  of  the  same  mass  of  water  at  0°C. 
is  1  0001 2  ccm.*  Hence,  when  1  ^ram  of  ice 
is  melted,  and  becomes  1  gram  of  water  at 
0°  C,  a  diminution  of  volume  equal  to  0-090G8 
c.cm.  is  produced,  and  indicates  the  absorption 
of  80  gram-degree  units  of  heat.  The  calori- 
meter (Fig.  36)  consists  of  a  glass  vessel  A, 
having  a  test  tube  B  sealed  into  it,  as  shown 
in  the  figure.  At  its  lower  end,  A  passes  into 
the  tube  tt',  which  is  bent  up,  as  shown  in 
figure,  and,  at  t',  is  fitted  with  a  cork  carrying 
a  bent  piece  of  capillary  tubing  sliown  at  c. 

This  horizontal  part  of  this  tube  is  carefully 
calibrated,  and  graduated  so  that  the  volume  between  any 
two  divisions  is  accurately  known. 

To  prepare  this  apparatus  for  use,  the  upper  part  of  A 
must  be  filled  with  water,  and  the  lower  part  and  the 
communicating  tube  with  mercury.  The  instrument  is  then 
placed  in  a  suitable  vessel,  surrounded,  as  completely  as 
possible,  with  snow  or  melting  ice  and  a  current  of  alcohol, 

*  1  gram  of  water  at  4°  C.  has  a  volume  of  1  com.,  for  a  gram  is,  by 
definition,  the  weight  of  1  c.cm,  of  water  at  4°  C.  As  water  expands 
from  4°  C.  to  0°  C.  the  volume  of  a  given  mass  will  be  slightly  greater 
at  the  latter  temperature. 


Fig.  36. 
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which  has  been  cooled  by  a  freezing  mixture  of  salt  and  ice, 
is  passed  through  the  test  tube  B.  The  result  of  this  is  that 
the  water,  in  A,  surrounding  the  test  tube  gets  cooled,  and 
finally  forms  into  a  solid  mass  of  ice.  The  test  tube  B  is 
now  cleaned  out,  and  a  small  quantity  of  water  placed  in  it ; 
thi.s  water  soon  takes  the  temperature  0°  C,  and  the  position 
of  the  end  of  the  mercury  column  in  the  horizontal  branch  of 
the  tube  c  becomes  stationary.     Its  position  Ls  then  read. 

A  known  mass  of  the  substance,  the  specific  heat  of  which 
is  requii*e<l,  is  raised  to  a  known  temperature  in  a  suitable 
heater,  and  then  dropped  into  the  water  in  B.  Tlie  heat 
given  out  by  this  substance  melts  a  quantity  of  ice  in  A, 
and  a  consequent  diminution  of  volume  is  produced,  and 
Ls  indicated  by  the  motion  of  the  end  of  the  mercury  column 
in  c  towards  the  ciilorimeter.  When  the  position  of  this 
column  becomes  stationary  a  second  reading  is  made,  and  the 
difference  of  the  two  readings  thus  taken  on  c,  determines  the 
decrease  in  volume  caused  by  the  melting  of  ice  in  A.  Let 
the  decrease  of  volume  thus  determined  be  denoted,  in  cubic 
centimetres,  by  v.  Then,  since  the  melting  of  1  gram  of 
ice  in  A  would  produce  a  diminution  of  volume  equal  to 

V 

0*09068  c.cm.,  the  mass  of  ice  melted  in  A  must  equal  ,  ^^^.3 

grams,  and  as  each  gram  of  ice  recjuii^es  80  gram-degree 
units  of  heat  to  melt  it,  the  quantity  of  heat  given  out  by 

the  substance  must  equal  /rTv-Q^:^;^    or  882t;  gram-degree 

units  of  heat.  But  if  m  denote  the  mas.^  of  this  substance 
in  grams,  T  the  temperature  to  which  it  was  raiseil  and  s 
its  specific  beat,  then  tlie  heat  it  gives  out  in  cooling  to 
0°  C.  is  equal  to  m«T  gram-degree  units.    Thus,  we  have — 

882r  =  m«T. 
mT* 

This  instrument,  when  once  put  in  working  order,  mny 
be  used  to  make  several  determinations  an<l  gives  arcumt^ 
results,  but  it  is  rather  troublosomo  to  till  and  pn*pnre  for 
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It  is  evident  that  if  we  work  with  a  substance  of  known 
specific  heat  we  may  use  this  apparatus  to  determine  the 
latent  heat  of  water,  or  to  show  that  ice  contiucts  on 
melting,  and,  by  measuring  the  contraction,  to  determine 
the  specific  gravity  of  ice.  Bunsen  made  both  these  deter- 
minations, and  found  80'()25  as  the  latent  heat  of  water, 
and  0*91674  as  the  specific  gravity  of  ice. 
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5S.  The  following  points  referred  to  in  the  preceding  chapter  should 
\Hi  noticed. 

1.  If  L  denote  the  latent  heat  of  fusion  of  a  priven  substanee,  then 
t  he  quantity  of  heat  absorbed  during  fasion  by  a  mass  m  of  that 
Mil»tanco  is  rt-presenteil  by  mL,  and  the  quantity  of  heat  eyolyed 
daring  solidification  of  a  mass  m  of  the  substance  is  also  represented 
by  mL. 

[In  each  of  these  cases  the  temperature  of  the  substance  remains 
<".. Mutant  (luring  the  change  of  state,  but  the  heat  absorbed,  or  given 
«>ut,  affct  ts  the  temperature  of  adjacent  substances.] 

2.  Baiuen*f  ice  calorimeter.     The  formula  t  =  — ^t    should   not 

ml 

he  used  for  the  i5<^)lution  of  problems.  It  is  however  convenient  to 
know  it  for  the  verification  of  answers  obtained.  It  is  also  helpful  to 
remember  that  a  decrease  of  volume,  r,  in  the  calorimeter  indicates, 
approximately,  the  melting  of  llr  grams  of  ice  and  a  consequent 
alMOCption  of  llvL  gram-<legree  units  of  heat,  where  L  denotes  the 
latent  heat  of  water.  Problems  generally  contain  all  necessary'  data, 
and  are  bent  worked  oat  from  the  given  data  by  the  method  explained 
in  Art.  M. 

Examples  VIII. 

1.  Ten  grn  '  at  — 10*  C.  are  mixe<l  with  120  grams  of  water  at 
80*  C.     Pin  temiKjrature  of  the  mixture.    (Specific  heat  of 

ice  =  05  ail  .it  of  water  =  80.) 

Here,  if  <'  final  temperature  we  hare— 

Iamb  of  \u  -  r  =  120(80 -tf). 

Gain  of  heat  by — 

(a)  Ice  during  change  of  temperature  from  — l(f  C,  to  (f  C. 
s=  no  X  '6  X  10)  uniu  =  60  unite. 

(*)  loe  daring  change  of  state  from  ico  at  (f  0.  to  water  at  0^  C. 
ss  10  X  80  units  =  800  units. 

(<t)  Water  thus  produced  during  chai^  of  temperature  from  0^  C. 
to  ^a  =  lOtf. 

Hence,  equating  we  get — 

120(80-^=50  •!•  800 -f  \O0. 
.'.  180^  =  8760,  or*  =  87-3«. 

S.  How  many  onits  of  beat  would  cause  a  mixturo  of  ice  and 
water  to  contract  by  60  cmm.,  if  100  o.mm.  of  water  at  0*C.  beoomo 
100  cjBm.  on  ftecxinf  ? 
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Here,  the  contraction  resulting  from  the  production  of  100  c.mm. 
of  water  is  9  c.mm. 

But  100  cram,  of  water  =  0*1  com.,  and  therefore  weighs,  approxi- 
mately, 0*1  gram. 

Hence,  a  contraction  of  9  c.mm.  indicates  the  melting  of  0*1  gram 
of  ice  and  the  consequent  absorption  of  (O'l  x  80)  =  8  gram-degree 
units  of  heat. 

Therefore  a  contraction  of  60  c.mm.  indicates  the  absorption  of 

— -—  =  44  -  gram-degree  units  of  heat. 
J  \j 

4.  If  the  specific  heat  of  tin  is  0-056,  and  the  latent  heat  14-25, 
what  quantity  of  heat  is  required  to  raise  6  lbs.  of  tin  from  the  tem- 
perature 208° C.  to  its  melting  point,  238°  C,  and  to  melt  it? 

7.  Determine  the  latent  heat  of  ice  fi-om  the  following  data. 
Weight  of  brass  calorimeter  (Sp.  heat  -09) 35  gm. 

,,       „  »  +  water       156  gm. 

Initial  temperature  of  water  and  calorimeter         ...     24°  C. 
Final  „  „  „  ...     17°  C. 

Weight  of  calorimeter,  etc.,  after  addition  of  ice  ...  165  gm. 

8.  A  gram  of  ice  at  0°  C.  contracts  0-091  c.cm.  in  becoming  water  at 
0°  C.  A  piece  of  metal  weighing  10  grams  is  heated  to  50°  C.  and  then 
dropped  into  the  calorimeter.  The  total  contraction  is  -063  c.cm.  :  find 
the  specific  heat  of  the  metal,  taking  the  latent  heat  of  ice  as  80. 

9.  Five  hundred  cubic  centimetres  of  mercury  at  56°  C.  are  put  into 
a  hollow  in  a  block  of  ice,  and  it  is  found  that  159  grams  of  ice  are 
liquefied  ;  find  the  specific  heat  of  mercury. 

10.  Ten  grams  of  water  at  96°  C.  are  placed  in  the  inner  tube  of  a 
Bunsen's  calorimeter,  and  it  is  found  that  the  volume  of  the  contents 
of  the  outer  portion  decreases  by  1-09  c.cm.  :  taking  the  latent  heat  of 
water  as  80,  what  value  does  this  give  for  the  specific  gravity  of  ice  ? 
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CHAPTER  VIII. 

CHANGE    OF    STATE, 

Vaporization  and  Condensation  :  Properties  op  Vapours. 

54.  The  passage  of  any  substance  from  the  solid  to  the 
liquid  state  takes  place  at  a  definite  temperature,  which 
varies  but  slightly  with  varying  conditions  of  pressure.  On 
the  other  hand,  the  passjige  of  a  substance  from  the  liquid 
to  the  gaseous  state  takes  place  at  all  temperatures  by  the 
proce*«  of  evaporation,  and  at  a  fixed  temperature  (for 
a  given  pressure')  l)y  the  process  of  ebullition.  This  fixed 
temperature  varies  with  the  press\u-e,  and,  for  any  given 
pressure,  is  called  the  boiling  point  of  the  liquid  at  that 
pressure;  when  the  pressure  is  that  due  to  760  mm.  of 
mercury  the  corresponding  temperature  of  ebullition  is 
known  as  tJie  boiling  point  of  the  liquid,  and  is  one  of  the 
specific  constants  of  the  liquid. 

55.  Properties  of  vapours.  Before  discussing  the  laws 
of  vajK>riziiti()n  it  will  1m'  necassjiry  to  consider  the  pro- 
perties of  vapours.  When  a  liquid  is  convortotl  into  the 
gaseous  state  it  becomes  a  vapour,  and,  as  such,  paKse>se« 
properties  similar  to  those  of  a  gas.  At  temperatuivs  not 
far  above  that  of  vaporization,  vajwui-s  only  approximately 
conform  to  the  gaseous  laws  of  Art.  32,  but  as  the  tempera- 
ture rises  they  conform  moi-e  and  more  closely  to  these  laws, 
and  ultimately  l)ehave  like  ordinary  giuses.  A  vapour  thus 
becomes  a  gas  at  tempei*atures  considerably  above  tliat  of 
vaporization,  and,  in  fact,  all  gases  are  men»ly  vaix)urs  at 
f    1  1 .«  ratures  far  above  the  boiling  ix>int  of  the  corresponding 
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56.  Vapour  pressure.*  This  subject  is  essentially  ex- 
periiiiontal,  and  is  therefore  best  considered  by  discussing 
illustrative  experiments. 

]jet  a  large  barometer  tube  be  carefully  filled  with  mercury, 
and  inveited  in  a  cistern  containing  a  quantity  of  the  same 
liquid.  The  tube  now  acts  as  a  simple  barometer ;  a  column 
of  mercury  about  760  mm.  in  height  remains  in  it,  and 
above  this  column  is  the  Torricellian  vacuum.  Into  this 
vacuum  we  wish  to  introduce  a  small  quantity  of  liquid ; 
this  can  be  done  by  passing  a  curved  pipette,  containing 
some  of  the  liquid,  under  the  mouth  of  the  tube  below  the 
surface  of  the  mercury  in  the  cistern,  and  causing  a  small 
quantity  to  ascend  through  the  column  into  the  vacuum. 
Immediately  on  reaching  the  vacuum  the  liquid  (if  the 
quantity  be  not  too  large)  at  once  disappears,  and  the 
column  of  mercury  is  depressed.  The  explanation  of  this  is 
obvious :  the  liquid  on  entering  the  vacuum  is  immediately 
vaporized,  and  the  vapour  produced  exerts  a  pressure,  which 
causes  the  column  of  mercury  to  fall.  As  more  liquid  is 
introduced,  drop  by  drop,  it  is  quickly  converted  into  vapour, 
and  the  mercury  column  gradually  falls  until,  ultimately, 
a  point  is  reached,  at  which  no  further  change  takes  place  ; 
the  drop  of  liquid  rises  through  the  column,  but  remains  at 
the  top  as  a  thin  layer  of  liquid,  and  there  is  no  further  fall 
of  the  mercury  column.  If  this  experiment  be  performed 
with  different  liquids  it  will  be  found  that  the  course  of  the 
experiment  is  exactly  the  same  for  each  liquid,  but  that  the 
final  pressures  exerted  by  the  vapours  are  widely  different. 
For  example,  if  the  temperature  of  the  experiments  be  20°  C, 
the  fall  of  the  mercury  column  for  water  vapour  is  about 
17  mm. ;  for  alcohol  vapour  about  60  mm. ;  and  for  ether 
vapour  about  400  mm.  So  far  the  experiment  indicates 
that  liquid  in  a  vacuum  is  quickly  converted  into  vapour, 
but  that  there  is  some  limit  to  the  quantity  of  liquid  that 
can  be  so  converted  ;  also  that  the  pressure  exerted  by  this 
vapour  gradually  increases  until  it  reaches  a  maximum 
value  measured  by  the  fall  of  the  mercury  column. 

*  This  is  sometimes  called  vapour  tension,  and  though  the  term 
is  inappropriate,  custom  has,  to  some  extent,  sanctioned  its  use. 
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Wc  have  now  to  find  on  what  this  limit  depends,  and 
also  on  what  the  maximum  value  of  the  pressure  exerted 
by  the  vapour  depends,  l^t  us  cf)nsider  the  inHuenc(>  of 
the  volume  of  the  vacuum  and  the  temperature  of  the 
•  xperiment. 

1.  The  influence  of  tfie  volume  of  Uie  vacuum.  Let 
^veral  barometer  tul)es  of  different  lengths  be  fille<l  with 
mercury  and  inverted  in  a  mercury  cistern.  Tlie  height  of 
the  column  in  each  >vill  be  equal,  and,  as  the  tubes  are 
of  different  lengths,  the  volume  of  the  Torricellian  vacuum 
in  each  vdW  be  different.  If  the  experiment  described 
above  be  repeated  with  each  of  these  it  will  be  found  that 
the  quantity  of  liquid  which  can  be  inti'oduced  into  each 
tube,  so  as  to  be  completely  convei-ted  into  vapour  in  the 
vacuum,  depends  on  the  volume  of  the  vacuum,  and  is,  fori 
a  given  temperature,  directly  proportional  to  the  volume  of 
the  space  occupied  by  the  vapour  when  the  limit,  referred 
to  above,  is  reached.  It  will,  however,  be  found  that  thej 
maximum  pressure  exerted  by  the  same  vapour  in  each  tube! 
Is  exactly  the  same. 

2.  The  influence  of  the  tempertUure  at  which  v<ijx>rization 
takes  place.  To  investigate  the  influence  of  temperature  on 
the  formation  of  va|x)ur  we  must  somewhat  modify  our 
apparatus.  The  upper  half  of  the  barometer  tube  is  sur- 
rounded by  a  wider  tube  closed  below  by  an  india-rubber 
stopper,  through  which  the  1)arometer  tube  passes.  Into 
this  wider  tube,  water,  at  diffei-ent  temperatxires,  can  be 
poured,  and  thus  the  temperature  at  which  vapour  is  formed 
in  the  vacuum  can  be  varied.  On  carrying  out  the  ex]ieri- 
ment,  as  detailed  above,  for  a  series  of  different  tem|>erature« 
it  will  be  found  that  the  maximum  pressure  exerted  by 
the  vapour  increases  very  rapidly  with  the  temperature ;  for 
example,  the  maximum  pressure  of  water  vapour  at — 

\QP  C.  is  tlmt  duo  to    9*1  ft5  mm.  of  mcrcary. 
20^  C.  -T'l     ,.     „        „ 

6(rC.  '-1     „     „        „ 

7<>°C 2:J3D93     „     „ 

The  quantity  of  liquid  required  to  supply  sufficient  vapour 
to  exert  the  maximum  preranire  will  also  Iw  found  to  vary 
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with  the  temperature  of  vaporization,  but  as  this  vaporiza- 
tion is  dependent  on  the  maximum  pressure  at  each 
temperature,  it  is  sufficient  to  determine  this  pressure 
experimentally. 

We  have  now  established — 

(i)  That  liquid  is  rapidly  converted  into  vapour  when 
placed  in  a  vacuum. 

(ii)  That  the  quantity  of  liquid  that  can  be  so  converted 
varies  with  the  volume  finally  occupied  by  the  vapour  and 
with  the  temperature  at  which  the  conversion  takes  place. 

(iii)  That  a  vapour  in  a  closed  space,  at  a  given  tempera- 
ture, exerts  its  maximum  pressure  only  when  a  sufficient 
quantity  of  liquid  has  been  introduced  into  that  space,  and 
that,  when  this  point  is  reached,  no  more  vapour  can  be 
produced.  The  space  is  then  said  to  be  saturated  with 
vapour. 

(iv)  That  the  maximum  pressure  exerted  by  the  vapour 
of  a  given  liquid  depends  only  on  its 
temperature. 

The  last  two  results  are  the  most 
important. 

Maximum  pressure  must  be  under- 
stood in  the  sense  explained  above,  and 
may  be  defined,  for  any  temperature,  as 
the  pressure  exerted,  at  that  tempera- 
ture, by  a  vapour  when  in  a  closed 
space  in  contact  with  its  liquid. 

So  far  we  have  considered  the  pro- 
duction of  vapour  in  a  vacuum;  it 
remains  now  to  find  out  how  the  results 
we  have  arrived  at  must  be  modified 
when  vaporization  takes  place  in  a 
closed  space  containing  air  or  other  gas 
or  vapour. 

For  this  purpose  the  apparatus  re- 
presented in  Fig.  37  is  most  convenient. 
A,  B,  and  C  are  barometer  tubes  standing 
in  a  mercury  cistern,  consisting  of  a  cylindrical  iron  vessel, 
screwed  on  to  a  piece  of  iron  tubing  closed  at  the  lower  end. 


Fig.  37. 
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The  whole  apparatus  is  firmly  supported  by  suitable  stands. 
The  tul«  A  is  a  simple  barometer  tube,  and  the  height  of 
the  column  in  it  gives  the  barometric  height.  Into  the  tube 
B  has  been  introduced  a  quantity  of  liquid  sufficient  to 
saturate  the  space  above  the  mercury  column ;  hence,  the 
difference  of  height,  A,  between  the  column  in  A  and  that  in 
B  determines  the  maximum  pi-essure  exerted  by  the  vapour 
in  B  at  the  temperature  of  the  apparatus.  Into  C  is  first 
introduced  a  quantity  of  air  sufficient  to  lower  the  column 
of  mercury  by  about  300  mm. ;  the  position  of  the  top  of 
the  mercury  column  after  the  introduction  of  the  aii*  is  then 
marked,  by  the  edge  of  a  piece  of  gummed  paper  fastened 
round  the  tube.  A  sufficient  quantity  of  the  liquid,  pre- 
viously used  in  the  case  of  B,  is  now  introduced  into  the 
space  above  the  mercury  column  in  C.  ThLs  liquid,  now  in 
the  presence  of  air,  graduallt/  passes  into  vapour,  and  the 
mercury  column  is  slowly  depressed  and  finally  becomes 
stiitionary,  indicating  that  the  vapour  is  exerting  its  maxi- 
mum pressure.  To  determine  this  maximum  pressure,  it  is 
neoessary  to  eliminate  the  prassure  of  the  air  in  the  tube  j 
this  cftn  be  done  by  lowering  C  into  the  tubular  part  of  the 
dstem  (as  at  C)  until  the  level  of  the  mercury  column 
again  coincides  with  the  edge  of  the  gummed  paper.  The 
air  in  the  tube  will  now  occupy  the  same  volume  as  it  did 
before  the  introduction  of  the  liquid,  and  will  therefore  exert 
the  same  pret^sure,  hence,  the  difference,  A',  in  the  height  of 
the  oolnmn  in  C  above  tl^e  surfact  of  the  mercury  in  Uie  cistern 
before  and  after  the  introduction  of  the  liquid  and  the  sub- 
sequent lowering  in  the  cistern,  determines  the  maximum 
prewore  exerted  by  the  vapour  in  the  presence  of  the  air.  It 
18  found,  in  this  way,  that  the  maximum  pressure  exerted  by 
a  particular  vapour,  at  a  given  temperature,  is  the  same, 
whether  the  va]K)rization  taki>M  place  in  the  preeenod  of  air, 
or  in  a  vacuum,  that  is,  h'  is  found  to  Im  equal  to  h.  The 
procees,  however,  goes  on  nuich  more  hlowly  in  the  presence 
of  air  than  in  a  vacuum.  By  substituting  other  gA<ieB  <^nd 
vapours  for  air  it  is  found  that  the  alM)ve  result  is  true 
generally,  and  applies  when  several  gnum  antl  va}M)urH  oxixt 
m  the  same  space,  esraept  when  they  act  chemically  ou  one 
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another.  It  is  also  found  that  the  quantity  of  vapour  re- 
quired to  siiturate  a  given  space  is  the  same,  whether  that 
space  be  a  vacuum  or  occupied  by  other  gases  or  vapouis, 
having  no  chemical  affinity  for  the  vapour  considered. 

These  questions  relative  to  the  formation  of  vapour  were 
first  studied  by  Dalton,  and  the  more  important  of  the  re- 
sults he  arrived  at  have  been  formulated  as  Dalton's  Laws. 
These  are : — 

(i)  The  maximum  pressure  exerted  by  a  particular  vapoiu*, 
in  a  closed  space,  at  a  given  temperature,  depends  only  on 
that  temperature,  and  is  independent  of  the  presence  of  other 
vapours  or  gases  having  no  chemical  affinity  for  it. 

(ii)  When  several  vapours  and  gases,  having  no  chemical 
affinity  for  one  another,  are  present  in  the  same  space,  the 
iictual  pressure  exerted  by  the  mixture  is  the  sum  of  the 
pressures  exerted  by  the  constituents  of  that  mixture. 

The  first  of  these  laws  deals  with  maximum  pressure,  and 
is  therefore  applicable,  only  when  the  space 
is  saturated  with  the  vapour  considered ; 
the  second   law  is  applicable  whether  the 
space  is  saturated  or  not. 

57.  Pressure  of  aqueous  vapour.     The 

most  important  quantitative  measurements 
relating  to  vapour  pressure  are  those  made 
by  Dalton  and  Regnault  in  connection 
with  aqueous  vapour. 

Dalton  employed  the  simple  method  al- 
i-eady  refeired  to  in  the  preceding  article. 
His  apparatus  is  shown  in  Fig.  38.  C  is 
a  cast-iron  cistern,  containing  mercury,  in 
which  are  inverted  two  barometer  tubes,  T 
and  T'.  The  tube  T  acts  as  an  ordinary 
barometer,  but  a  small  quantity  of  water 
has  been  introduced  into  the  vacuum  in  T'. 
Both  tubes  are  surrounded  by  the  large 
glass  cylinder  V  V,  which  is  nearly  filled 
with  water,  resting  on  the  surface  of  the  mercuiyin  the 
cistern  C.    The  several  parts  of  the  apparatus  are  supported 
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by  suitable  t>t;iiids,  ami  the  whole  arrangement  rests  on  the 
furnace  F.  By  regulating  the  heating  effects  of  the  furnace 
the  temperature  of  the  water  in  V  V  can  be  varied  a.s  i-e- 
quired,  and,  by  observing  the  difference  of  level  in  T  and  T', 
for  any  given  temperature,  the  maximum  vapour  pressure 
for  that  temperature  is  determined. 

Table  op  Pkbssueb  of  Aqueous  Vapour. 
[Begnault.] 


Temperatare. 

Preesure. 

Temperature. 

Prossure 

mm. 

mm. 

-32°  C. 

0-320 

90PC. 

62545 

-2(iPr. 

0-927 

100°C 

76tt:^H)  jL^ 

- 1<)°  c. 

2-093 

110°  c. 

1075-37 

-  6°C. 

3113 

120°  C. 

1491-28 

(fC. 

4-600 

130°  C. 

2030-28 

6*'a 

6-534 

140°  C. 

2717-63 

lOPC. 

9165 

150°C. 

3581-23 

i:>°  c. 

12-699 

160°  C. 

4651-62 

2(lPC. 

17-391 

170°C. 

5961-66 

aopc. 

31-548 

180°  C. 

7546-.}9 

40'' C. 

54-906 

190°  C. 

9442-70 

MPC. 

91-982 

200°  ('. 

116SS-96 

60PC. 

118-791 

210°  C. 

14321 -80 

70PC. 

233-093 

220°  C. 

173!M):i6 

SOP  a 

354-643 

230°  C. 

20926-40 

56.  Saturated  and  nnftatnrated  vapours.  When  a  space 
w  saturated  with  va|K)ur,  at  a  givtn  temperatui*e,  this 
vapour  exerts  its  maximum  prassuro  for  that  temjwratui'e, 
and  is  ako  at  its  maximum  density  for  that  tem|x»ratui'e, 
because  the  greatest  possible  quantity  of  vapour  has  been 
introduced  into  the  space.  Vapour  in  this  condition  is 
sometimes  calle<l  saturated  vapour.  When  vajK)ur,  at  a 
given  temperature,  e.xorts  a  pressure  less  than  its  maximum 
pressure  for  that  temperature,  it  is  said  to  be  unsaturated. 

Vapour  in  contact  with  its  licpiid,  in  a  closed  s{)ace,  is 
always  saturatofl,  for,  the  presence  of  the  li<|ui<l  is  a  proof 
that  the  limit  of  va])ori/.ation,  under  the  existing  conditions, 
has  been  reached. 
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The  behaviour  of  saturated  vapour  under  change  of 
pressure  and  temperature  should  be  considered.  Saturated 
vapour,  at  any  temperature,  exerts  the  tiiaximurii  pressure 
corresponding  to  the  temperature,  and  hence  any  attempt 
to  increase  its  j^ressure,  e.g.  by  compressing  it  in  a  closed 
tube,  must  necessarily  fail ;  the  only  eflfect  produced  by  such 
an  experiment  would  be  the  condensation  of  part  of  the 
vapour  in  the  space,  because,  the  vapour  being  already  at 
its  maximum  density,  for  the  given  temperature,  any 
attempt  at  further  compression  causes  it  to  pass  gradually 
into  the  liquid  state,  while  its  pressure  remains  constant. 
On  the  other  hand,  if  saturated  vapour  be  allowed  to  expand 
171  the  ])7'esence  of  its  liquid,  its  pressure  remains  constant, 
and  the  liquid  present  is  gradually  converted  into  vapour, 
because,  dii-ectly  any  small  increase  of  volume  takes  place, 
the  pressure  of  the  vapour,  in  accordance  with  Boyle's  law, 
tends  to  fall  below  the  maximum  pi'essure  corresponding  to 
the  conditions  of  the  experiment,  and  hence  vaporization 
of  the  liquid  present  becomes  possible,  and  thus,  the  pressure 
is  maintained  constant.  If,  however,  there  is  no  liquid 
present,  the  pressure  of  the  vapour  decreases  on  expansion 
in  approximate  agreement  with  Boyle's  law,  and  the  vapour 
becomes  unsaturated. 

The  influence  of  change  of  temperature  on  a  saturated 
vapour  also  depends  on  whether  its  liquid  is  present  or  not. 
If  vapour  be  heated,  in  a  closed  space,  in  contact  with  its 
liquid,  the  liquid  is  converted  into  vapour,  and  the  pressure 
increases  at  such  a  rate  that,  at  any  given  temperature,  the 
vapour  present  in  the  space  saturates  it,  and  the  pressure 
exerted  is  the  maximum  pressure  for  that  temperature. 
Similarly,  if  saturated  vapour  be  cooled  in  a  closed  space, 
in  contact  with  its  liquid,  the  vapour  condenses  and  the 
pressure  decreases  in  such  a  way  that,  at  any  given  tempera- 
ture, the  quantity  of  vapour  present  in  the  space  is  just 
sufficient  to  saturate  it,  and  the  pressure  of  the  vapour  is 
the  maximum  pressure  for  the  given  temperature. 

If,  however,  saturated  vapour  be  heated,  in  the  absence 
of  its  liquid,  it  expands  in  accordance  with  Charles'  law,  or, 
if  the  heating  take  place  at  constant  volume,  its  pressui-e 
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increases  in  the  same  way  as  that  of  an  ordinary  gas 
(Art.  32).  On  the  other  hand,  if  a  saturateil  vapour  be 
cooled  in  the  absence  of  its  liquid  condensation  at  once  takes 
place,  and  the  vapour  remains  saturated. 

Unsaturated  vapours  behave  as  ordinary  gases  under 
change  of  pressure  and  temperature,  that  is,  they  obey  both 
Boyle's  and  Charles'  laws  except  in  two  cases.  To  under- 
stand these  two  cases  it  should  be  remembered  that,  for  any 
given  vapour,  there  is,  for  each  temperature  at  which  it  can 
exist,  a  definite  maximum  pressure  corresponding  to  that 
temperature,  and  conversely,  for  any  given  pressure  to 
which  a  vapour  is  subjected,  there  is  a  temperature  at  which 
thus  pressure  is  the  maximum.  Hence,  if  an  unsaturated 
vapour,  at  a  given  temperature,  be  subjected  to  increase  of 
pressure,  its  volume  decreases  in  approximate  accordance 
with  Boyle's  law,  until  a  pressure  is  reached,  which  is  the 
maximum  pressure  for  the  given  temperature,  and  therefore, 
at  this  pressure  the  vapour  becomes  saturated,  and  further 
increase  of  pressure  produces  condensation,  as  described 
above.  Again  if  an  unsaturate<l  vapour  be  cooled,  at 
oonstant  pressure,  its  volume  will  decrease  in  approximate 
accordance  with  Charles'  law  until  a  temperature  is  reached, 
for  which  the  given  pressure  is  the  maximum,  and  there- 
fore, at  this  temperature  the  vapour  becomes  saturated, 
and  further  cooling  produces  condensation. 

60.  Evaporation.  We  have  seen  that,  at  all  t<»niix»ratui'e8, 
vaiKirization  takes  place  in  a  close<l  space  until  tiiat  space 
is  saturated  with  vapour.  If,  however,  the  process  goes  on 
in  the  open  air,  it  becomes  continuous,  becau.se  it  is  practically 
impofwible  to  saturate  the  atmosp)u>re  with  vapour.  This 
process  of  vaporization  in  an  unlimited  atmosphere  has  been 
called  evaporation. 

Evaporation  takes  place  exclusively  at  the  free  surface  of 
the  liquid ;  the  vapour  formed  at  the  surface  penetrates 
into  the  adjacent  layer  of  air,  and  from  thence  it  paaaes 
into  the  next  layer,  and  so  on,  until  the  vapour  is  diffused 
throughout  the  atmorohere,  at  a  uniform  rate,  such,  that 
any  given  layer  of  air  passes  on  as  much  vapour  as  it 
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receives.  This  process  is  somewhat  modified  if  the  air  is 
in  motion,  for  then  the  layer  in  contact  with  the  Uquid  is 
continually  being  renewed,  and  evaporation  takes  place  more 
rapidly,  because  each  layer,  as  it  comes  in  contact  with  the 
liquid,  takes  up  only  a  small  quantity  of  vapour,  which  is 
carried  away,  and  thus  diffusion  Ls  assisted;  moreover, 
evaporation  always  takes  place  into  a  comparatively  dry 
atmosphere,  for  the  successive  layers  pass  on  before  becoming 
nearly  saturated. 

The  evaporation  of  water  is  a  process  familiar  to  all.  If  a 
shallow  vessel  full  of  water  be  placed  in  the  open  air  evapora- 
tion takes  place,  and  in  the  course  of  a  few  hours  all  the 
water  will  have  disappeared  ;  the  drying  of  clothes  in  the  air 
is  another  instance  of  evaporation,  as  is  also  thei  drying  up 
of  livers  and  pools  of  water  during  long  periods  of  drought. 

61.  Conditions  favourable  to  evaporation.  Evaporation  is 
favoured  by  any  circumstance  which  facilitates  the  formation 
of  vapour  at  the  free  surface  of  the  liquid.  From  the  laws  of 
vaporization  as  explained  in  this  chapter  it  may  be  deduced 
that  the  rate  at  which  evaporation  takes  place  is  favoured 
by- 

1.  Dryness  of  the  air. 

2.  Low  atmospheric  pressure. 

3.  High  temperature,  both  of  the  liquid  and  of  the  air. 

4.  Large  extent  of  free  surface  of  liquid. 

5.  Low  boiling  point  of  liquid. 

6.  Eenewal  of  air  in  contact  with  surface  of  liquid. 

62.  Ebullition.  Consider  a  bubble  of  air  in  a  liquid  ;  its 
walls  are  formed  by  the  liquid,  and  from  these  walls 
evaporation  goes  on  until  the  space  which  they  enclose 
becomes  saturated  with  vapour.  Let  V  denote  the  initial 
volume  of  air  in  the  bubble,  and  P  the  hydrostatic  pressure 
to  which  it  is  subjected.  The  value  of  P  is  determined  hy 
the  position  of  the  bubble  in  the  liquid  ;  if  it  is  at  a  depth  d 
below  the  surface,  then  P  is  equal  to  the  atmospheric 
pressure,  plus  the  pressure  due  to  a  column  of  the  liquid 
of  height  d.     As  evaporation  goes  on  into  the  bubble,  the 
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pressure  exerted  by  the  vapour  increases,  until  it  becomes 
equal  to  F,  the  maximum  vaix)ur  pressure  corresponding  to 
the  temi)erature  of  the  liquid.  But,  as  the  total  pressure 
in  the  bubble  must,  so  long  as  the  bubble  remains  in  the 
same  position,  be  equal  to  P,  the  pressure  of  the  air  in  it 
must,  according  to  Dalton's  second  law,  be  equal  to  (P— F).* 
Hence,  if  V  denote  the  volume  of  the  air  after  the 
bubble  is  saturated  with  vapour,  we  have,  by  Boyle's  law — 

V  P  =  V  (P  -  F),  or.  V'  =  j7i^' 

From  this  it  is  evident  that  V  increases  as  (P  —  F) 
diminishes,  and  becomes  infinitely  great  when  P  —  F  =  0, 
that  is,  when  F  =  P.  This  means  that  when  the  tempera- 
ture at  any  point  in  any  liquid  is  such,  that  the  maximum 
vapour  pressure  for  that  temperature  is  equal  to  the  hydro- 
static pressure  at  that  point,  then  if  a  bubble  of  air,  gas,  or 
vapour  form  at  that  point  its  volume  will  tend  to  become 
infinitely  great,  that  is,  it  will  give  rise  to  an  infinite  number 
of  bubbles  charged  with  vapour,  which  rise  through  the 
liquid,  and  escape  at  its  surface.  This  process  of  formation 
of  vajx)ur  in  the  interior  of  a  liquid,  and  its  final  escape  at 
the  surface  of  the  liquid,  is  called  boUimj  or  ebullition. 

If  a  liquid  be  placed  in  an  ordinary  glass  vessel  and 
gradually  heated,  the  temperature  rises,  and  evajwration 
goes  on  freely  at  the  surface  of  the  liquid.  Before  long, 
however,  small  bubbles  of  air  are  seen  to  form  on  the  walls 
of  the  vessel,  and  from  them  minute  bubbles  are  given  off, 
and  rise  to  the  surface ;  as  the  temperatui'e  rises,  this  pixxjesa 
goes  on  more  rapidly,  and  bubblas  are  given  off  freely  from 
the  different  points  on  the  walls  of  the  vessel,  where  air 
bubbles  have  lieen  seen  to  form.  If  the  heat  is  applied 
from  below,  the  upjK»r  layers  of  the  liquid  will  be  colder 
than  the  lower  ones,  and  it  will  be  noticed,  at  a  certain 
stage  of  the  heating,  that  bubbles  given  off  from  points  near 
the  bottom  of  the  vessel  are  condensed  in  the  up|M*r  colder 
layew  befoi-e  reaching  the  surface.     The  condensation  of 

•  Ix.'t  P'  denote  the  prcwmro  due  to  the  air  in  the  bu])l>Io,  and  F  that 
duo  to  the  Mjueoufl  vnpotir,  then  applyin^^  Dalton's  socond  Iftw, 
P+  F  -  toUl  presRurc  in  the  bubble,  that  in,  1"  f  F-  P,  or,  l**-  P-F. 
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these  bubbles  of  vapour  is  accompanied  by  a  peculiar  noise 
familiarly  known  as  singing.  On  further  heating  the 
temperature  of  the  liquid  becomes  more  uniform,  and  large 
bubbles  of  vapour  rise  rapidly  to  the  surface  and  escape.  The 
liquid  is  thus  kept  in  a  state  of  agitation  known  as  boiling. 

It  thus  appears  that  the  commencement  of  ebullition  in 
a  liquid  is  dependent  on  the  presence  of  bubbles  of  air,  or 
other  gas,  in  the  liquid  or  on  the  walls  of  the  vessel  in  which 
it  is  heated.  Experiment  shows  this  to  be  the  case  ;  water, 
for  example,  can  be  heated  up  to  180°  C.  without  entering 
into  ebullition,  provided  no  bubbles  of  air  are  allowed  to  form 
in  it ;  but  if,  in  any  way,  a  bubble  of  vapour  or  any  gas  is 
introduced,  boiling  at  once  takes  place  with  explosive  violence. 

On  the  other  hand,  the  presence  of  a  very  minute  quantity 
of  air  or  other  gas  in  a  liquid  is  sufficient  to  produce  con- 
tinuous boiling  for  an  indefinite  time.  This  can  be  shown 
by  dropping  a  small  glass  bulb,  containing  air,  into  a  liquid 
at  its  boiling  point ;  the  air  in  the  bulb  will  give  rise  to  thou- 
sands of  vapour  bubbles  w^ithout  being  appreciably  diminished 
in  volume. 

63.  Laws  of  ebullition.  The  following  are  the  laws  of 
ebullition — 

1.  At  any  given  pressure,  ebullition  commences  at  a 
temperature,*  which  is  fixed  for  each  liquid.  The  tempera- 
ture of  ebullition  at  the  normal  atmospheric  pressure  is 
known  as  the  boiling  point  of  the  liquid. 

2.  At  any  given  pressure,  ebullition  commences  at  a 
temperature,  such  that  the  corresponding  maximum  vapour 
pressure  is  equal  to  the  given  pressure.  Thus,  a  liquid  boils 
at  the  normal  atmospheric  pressure,  when  its  temperature 
is  such,  that  the  maximum  pressure  of  its  vapour,  for  that 
temperature,  is  equal  to  that  due  to  760  mm.  of  mercury. 

3.  The  temperature  remains  constant  during  ebullition, 
so  long  as  the  pressure  remains  constant. 

*  Temperature,  in  each  of  these  laws  must  be  understood  to  mean 
temperature  of  the  vapour  produced.  The  temperature  of  the  liquid 
is  found  to  vary  slightly  with  the  nature  of  the  surface  of  the  vessel 
in  which  it  is  boiled. 
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64.  Influence  of  pressure  on  the  boiling  point.  It  will 
be  seen,  from  tlie  laws  given  jibove,  that  the  teunKjrature,  at 
which  ebullition  conimences,  is  determined  by  the  pressure 
to  which  the  liquid  is  subjected.  The  second  law  defines 
the  relation  existing  between  pressure  and  the  temperature 
of  ebullition  ;  and  shows  that,  as  external  pressure  increases, 
the  temperature  of  ebidlition  rises,  in  such  a  way  that  the 
corresponding  maximum  vapour  pressure  always  equals  the 
external  ]iressure. 

These  facts  may  be  illusti'ated  by  some  simple  experiments. 

1.  Franklin's  experiment.  This  experiment  shows  that, 
by  diminishing  the  pressure  at  the  surface  of  water,  it  can 
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Fig.  41. 

be  made  to  boil  at  temperatures  considerably  below  100°  C. 
Water  is  lx)iled  in  a  flask  until  all  air  is  expelled,  and  its 
place  taken  by  water  vapour.  The  fla«k  is  then  removed 
from  the  source  of  heat,  tightly  corked,  inverted,  and  placed 
AS  in  Fig.  41.  It  is  now  allowed  to  cool  until  ebullition 
entirely  ceases ;  when  this  in  the  case,  some  cold  water  is 
poured  over  the  vessel,  so  that  the  va{X)ur  inside  is  con- 
dense<l,  and  the  water  again  begins  to  boil,  and  continues 
to  do  so  for  some  time.  This  is  explained  by  the  fitct,  that, 
when  the  vapour  inside  the  flask  is  condensed,  the  pressuro 
on  the  surface  of  the  water  is  diminished,  and  when  it  be- 
comes equal  to  the  maximum  pressure  of  the  atpieous  vapour 
for  the  temperature  of  the  water,  obtillitii  u  at  once  sets  in. 
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2.  The  following  experiment  illustrates  the  fact,  that, 
during  ebullition,  the  maximum  vapour  pressure  correspond- 
ing to  the  temperature  of  ebullition  is  equal  to  the  external 
pressure.  A  glass  tube  is  bent,  as  shown  at  A  (Fig.  42), 
and  the  shorter  limb  is  closed,  the  longer  one  being  left  open 
at  the  top.  Mercury  is  introduced  into  the  shorter  limb,  so 
as  to  entirely  fill  it ;  a  small  quantity  of  water  is  then  passed 
up,  and,  displacing  the  mercury,  occupies  the  upper  portion 
of  the  limb.  In  the  longer  limb  the  mercury  stands  a  little 
liigher  than  the  bend  (Fig.  42,  A).  Water  is  now  boiled  in 
a  wide-necked  flask,  and  during  ebullition  the  bent  tube  A 
is  introduced  into  it  so  that  the  water  in  the  short  limb  is 
surrounded  by  steam  (Fig.  42,  B);  in  a  short  time  this  water 
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will  be  converted  into  steam,  and  if  the  space  remains 
saturated,  it  will  ultimately  exert  the  maximum  pressure 
corresponding  to  the  temperature  of  the  surrounding  steam. 
It  will  be  found  that,  when  this  is  the  case,  the  mercury 
assumes  the  same  level  in  both  branches  of  the  tube, 
showing,  that  the  maximum  pressure  for  aqueous  vapour, 
at  the  temperature  of  ebullition,  is  equal  to  the  external 
pressure  at  which  ebullition  takes  place. 

3.  If  a  small  boiler  be  placed  in  communication  with 
a  reservoir  of  air,  in  which  the  pressui-e  can  be  varied,  it  is 
found  that  the  temperature  of  ebullition  I'ises  and  falls  with 
the  pressure,  and,  if  the  latter  be  indicated  by  means  of  a 
manometer,  attached  to  the  reservoir,  it  is  further  found 
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that  the  pressure  at  which  ebullition  takes  place,  for  any 
fOven  temperature,  is  equal  to  the  maximum  vapour  pressure 
for  that  temperature.  Regnault  adopted  an  elaborate  form 
of  this  apparatus  for  determining  the  maximum  pressure  of 
aqueous  vapour  at  temperatures  alx)ve  50°  C.  He  employed 
a  small  copper  boiler,  B,  communicating,  as  shown  in  the 
figure  (Fig.  43),  through  a  condenser  C  with  a  reservoir  of 
air  R.  Thermometers  in  the  boiler  gave  the  temperature 
of  the  vapour,  and  the  pressure  of  the  air  in  the  reservoir 
was  given  by  an  attached  mercury  manometer  M.     In  order 


Fig.  48. 

t<»  ir  in   R  from  change  of  pi*essuro  due  to 

vni  perature  it  was  surrounded  with  water  in  a 

bath  \N ,  and  till)  ' ned  at  constant  temperature.    The 

condenser  merel;.  d  of  a  rather  long  slanting  tube 

l^aoed  between  tlie  boiler  and  the  reservoir  of  air,  and 
surronnded  by  a  wider  tul)o,  through  which  a  current  of 
cold  water  constantly  flowed.  By  varying  the  pressure  in 
the  reservoir  the  wnt(*r  in  the  boiler  was  made  to  boil 
at  different  temperatures,  and  by  noting  the  pressure 
oorresponding  to  each  temperature,  the  maximum  pressure 
of  aqueous  vapour  was  determined  for  a  great  number  of 
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difFerent  temperatures.  The  condenser  is  a  necessary  part 
of  the  apparatus,  because  a  Hquid  will  boil  in  a  closed  vessel 
only  when  the  space  above  it  is  sufficiently  large  and  cool 
to  admit  of  condensation  of  the  vapour  produced.  In  a  closed 
vessel,  where  there  is  no  provision  for  condensa- 
tion of  the  vapour  produced,  water  may  be 
raised  to  very  high  temperatures.  This  fact  is 
often  of  great  utility  in  the  industrial  arts.  An 
instance  of  its  application  is  found  in  Papin's 
digester,  which  is  used  for  the  purpose  of 
subjecting  substances  to  the  action  of  water  at  a 
temperature  considerably  higher  than  100°  C. 
It  consists  of  a  strong  bronze  vessel,  covered 
with  a  lid  secured  by  a  screw  and  fitted  with 
a  safety  valve,  to  prevent  the  internal  pressure 
becoming  greater  than  the  vessel  can  sustain. 

65.  The  hypsometer.  This  instrument 
(Fig.  44)  is  merely  a  small  vessel  conveniently 
constructed  for  observing  the  temperature  of 
ebullition  at  any  place.  It  consists  of  a  small 
boiler  heated  by  a  spirit  lamp,  and  is  provided 
with  a  delicate  thermometer  which  is  sur- 
rounded by  steam  in  the  upper  part  of  the  vessel.  The 
steam  escapes  at  the  top  by  a  small  side  tube  which 
communicates  with  the  outer  air,  so  that  ebullition 
takes  place  under  the  atmospheric  pressure.  The  hypso- 
meter is  used  for  the  determination  of  heights,  and 
is  very  convenient  for  this  purpose  because  of  its 
portabiHty.  The  principle  of  its  use  for  such  deter- 
minations is  based  on  the  fact,  that  the  temperature  of 
ebullition  depends  on  the  external  pressure,  and  that  when 
the  former  is  known  the  latter  is  determined,  and  is  equal 
to  the  maximum  vapour  pressure  at  that  temperature ; 
hence,  if  we  find  the  temperature  at  which  water  boils  at 
the  sea-level,  and  at  a  place  the  height  of  which  we  wish  to 
determine,  we  can,  by  reference  to  a  table  of  maximum 
pressures  of  aqueous  vapour,  find  the  coiresponding  atmo- 
spheric pressures,  and  when  these  are  known,  the  required 
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heiglit  can  be  calculated.  It  is  found  that  the  Uuling 
point  of  water  falls  1°  C.  for  every  1,080  feet  increjise 
in  elevation.  According  to  Soret's  formula,  the  height 
(A)  of  any  place  above  the  sea-level  is  approximately 
given  by  A  =  295  (100  —  t)  where  t  is  the  tempei-ature 
at  which  water  boils  at  that  place,  and  h  the  retjuired 
height  in  metres.  The  fact  that  water  boils  below  100°C. 
at  high  elevations,  is  a  source  of  inconvenience  when 
cooking  has  to  be  done  in  places  high  above  the  sea- 
level.  In  such  cases  a  modified  form  of  Papin's  digester  is 
used. 

66.  Determination  of  the  boiling  point  of  a  liquid.  For 
this  purpose  it  is  only  necessary  to  employ  some  simple  form 
of  apparatus  similar  to  the  hypsometer.  Tlie  thermometer 
is  placed  in  the  vapour  of  the  liquid,  and  the  stationary 
reatling,  given  after  some  minutes*  continuous  boiling,  is 
taken  as  the  boiling  point  of  the  liquid,  at  the  pressure 
indicated  at  the  time  of  the  experiment,  by  the  height  of 
the  bazx)meter. 


TABLE   OF    BOILING    POINTS   AT   760   MM.    PRESSURE. 


NitrouR  oxide  .  .-H7'9°C. 
(  arljonic  anhydride  .  —  78  '2 
\iMT„,..,in  ,  .  .  —  38-5 
.-33fi 
i' anhydride  — lO'O 
Kthcr  .  .  .  35  0 
Sulphide  of  carbon  .  46*2 
Chloroform        .  60*2 

Alcohol      .  .78-3 


Benzene       .        .  .  SOrC. 

Distilled  water    .  .  l(¥)-0 

Spirits  of  turpentine   .  ISOK) 

Oil  of  turpentine  .  \'t9'\ 

Phosphorus.        .  .  21M)-0 

Linst^ed  oil  .        .  .  3ir>() 

Sulphuric  acid  .  325 '0 

Mercury  .  357-0 

Sulphur  .  440-0 


67.  Latent  heat  of  vaporization.  Wo  have  already 
considered  the  qaostion  of  Intent  boat  in  some  detail.  It 
ahould  be  remembere<i  that  wlienmer  liquid  is  converte*! 
into  vnpour,  whether  during  evaporation  or  ebullition,  heat 
w  abitorbed  in  the  process,  and  the  amount  of  hwit  absorbed 
is  equivalent  to  the  work  dune  iu  otfecting  the  change  of 
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state.  During  evaporation*  this  absorption  of  heat  greatly 
cools  the  liquid,  and,  under  certain  conditions,  may  cause 
it  to  freeze.  Several  experiments  have  been  devised  to 
illustrate  this  fact. 

1.  Leslie's  experiment.  A  very  small  shallow  pan,  con- 
taining a  little  water,  is  placed,  together  with  a  vessel  of 
sulphuric  acid,  under  the  receiver  of  an  air-pump.  The 
water  rapidly  evaporates,  and  the  vapour  formed  is  absorbed 
by  the  sulphuric  acid ;  this  ensures  continuous  and  rapid 
evaporation  of  the  water.  The  heat  absorbed  during  the 
process  ultimately  causes  freezing  of  the  water,  and  a  thin 
layer  of  ice  appears  on  its  surface. 

2.  The  Cryophorus.  Wollaston's  cryophorus  (Fig.  45) 
consists  of  a  bent  tube  with  a  bulb  at 
each  end.  It  contains  only  a  small 
quantity  of  water  and  aqueous  vapour, 
all  air  having  been  expelled,  by  boiling 
the  water  in  one  bulb  and  hermetically 
sealing  the  other  when  the  bulb  was  full 
of  steam.  To  illustrate  the  absorption  of 
heat    during    rapid    evaporation   all    the 

Fig.  457  water  is  passed  into  the  bulb  B  (Fig.  45), 

and  the  bulb  A  is  surrounded,  as  shown 
in  the  figure,  with  melting  ice.  The  cold  condenses  the 
vapour  in  A  as  rapidly  as  it  is  formed  in  B,  and,  in  a  short 
time,  the  absorption  of  heat  is  sufficient  to  cool  the  water  in 
B  down  to  the  freezing  point,  and  finally  convert  it  into  ice. 

3.  A  small  quantity  of  water  in  a  test  tube  may  be  frozen 
by  placing  it  in  a  beaker  containing  ether,  through  which  a 
current  of  air  is  rapidly  passed,  so  as  to  promote  its  evapor- 

*  During  evaporation  the  heat  necessary  to  effect  the  required 
change  of  state  is  absorbed  from  the  liquid  itself.  The  temperature 
of  the  liquid  is  thus  lowered,  but,  as  evaporation  can  take  place  at 
any  temperature,  the  process  goes  on,  and  a  continuous  fall  of  tem- 
perature is  thus  produced.  With  ebullition,  liowever,  the  case  is 
very  different ;  the  process  can  go  on  only  at  the  temperature 
corresponding  to  the  external  pressure,  and  hence,  unless  heat  is 
continuously  supplied  from  without,  the  liquid  cools  below  this  tem- 
perature and  ebullition  ceases.  Latent  heat  is  generally  considered 
in  connection  with  the  change  of  state  at  constant  temperature. 
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ation.  During  evaporation,  the  ether  rapidly  absorbs  heat 
from  the  water  in  the  test  tube,  and  in  a  few  minutes  ice 
begins  to  form. 

Several  somewhat  complicated  forms  of  apparatus  have 
been  constructed  for  freezing  water  on  the  principle  illus- 
trated by  the  above  experiments ;  among  these  are  Carre's 
appiiratus  for  freezing  by  sulphuric  acid,  and  also  Carry's 
ammoniacal  apparatus. 

Another  instance  of  the  application  of  the  cold  produced 
by  evaporation  is  the  method  adopted  in  India  for  keeping 
drinking  water  cool.  The  water  is  placed  in  porous  earthen- 
ware vessels,  through  which  it  slowly  percolates ;  evapora- 
tion takes  place  from  the  outer  surface  of  the  vessel,  and  the 
absorption  of  heat  thus  produced  keeps  the  water  in  the 
desired  state  of  coolness.  The  same  effect  may  be  produced 
in  any  vessel  by  wrapping  a  wet  cloth  round  it. 

68.  Determination  of  the  latent  heat  of  steam.  The 
latent  heat  of  vj4X)ur,  at  any  tenn:)erature,  is  defined,  as 
the  quantity  of  heat  required  to  convert  unit  mjiss  of  the 
given  liquid,  at  that  temperature,  into  vapour  at  the  same 
temperature.  When  we  speak  of  the  latent  heat  of  any 
vapour,  we  generally  mean  the  latent  heat  of  the  vapour  at 
the  boiling  jK)int  of  the  coiTesponding  liquid,  but,  in  strict- 
ness, we  ought  always  to  speak  of  the  latent  heat  at  some 
particular  temperature.  Thus,  by  the  latent  heat  of  steam 
we  usually  mean  the  latent  heat  at  100°  C,  that  is,  the 
quantity  of  heat  requii*e<l  to  convert  unit  mass  of  water, 
at  lOO'^C,  into  steam  at  100°C'.,  or,  in  other  words,  the 
quantity  of  heat  given  out  by  unit  mass  of  steam,  at  100°  C, 
in  becoming  water  at  100°  0. 

To  determine  the  latent  heat  of  steam  at  100°  0.  the 
usual  ealoriinetric  apparatus  is  required,  together  with  a 
small  lx>iler  for  protlucing  steam,  and  an  arrangement  for 
dryirnj  the  steam  ho  pnKluoe<I.  A  convenient  apparatus  is 
a  Hmnll  ctjpjier  boiler,  containing  a  spirally  coile<l  copper 
tulip,  timnigh  which  the  steam  prmluceil  is  made  to  pasR 
before  issuing  from  the  Ixiiler.  It  is  thus  dried,  that  is,  the 
small  imrticles  of  water  with  which  it  was  mixed  when  first 
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formed,  are  completely  convei-ted  into  steam  ;  in  this  con- 
dition it  is  passed,  through  a  short  communicating  tube,  into 
a  known  weight  of  water  at  a  known  temperature  in  the 
calorimeter.  On  entering  the  water  the  steam  is  imme- 
diately condensed,  and,  giving  out  its  latent  heat,  raises 
the  temperature  of  the  water.  When  a  sufficient  rise 
of  temperature  is  produced,  the  steam  is  shut  off,  the  final 
temperature  noted,  and  the  calorimeter  is  then  weighed  in 
order  to  determine,  from  its  increase  of  weight,  the  quantity 
of  steam  which  has  been  converted  into  water. 

Let  M  denote  the  mass  of  water  in  the  calorimeter. 
„     w       „         „    water  equivalent  of  the  calorimeter. 
„      t       „         „   initial  temperature  of  the  water  in  the 

calorimeter. 
„      0       „         „   final  temperature  of  the  water  in  the 

calorimeter. 
„     T       „         „   temperature  of  the  steam. 
„     m      „         „    mass  of  steam  converted  into  water. 
„     L       ,)         „   latent  heat  of  steam. 

Then,  for  loss  of  heat  we  have — 

(a)  By  steam  during  change  of  state  from  steam,  at  T°  C. 
to  water  at  T°  C.  =  m  L. 

{b)  By  cooling  of  this  water  from  T°C.  to  6°  C.  =  m  {T-O). 
Also,  for  gain  of  heat  we  have — 

(a)  By  water  in  the  calorimeter  =  M{6—t) 

[b)  By  calorimeter  =  w{6  —  t) 

On  equating  the  loss  and  gain  of  heat  we  get — 

nih  +  m  (iT-d)  =  (M.  +  w)(d-t), 

or — 

j^_(^  +  w)Cd-t) 

and  thus  the  latent  heat  at  T°  C.  is  determined. 

The  calorimeter  employed  in  this  experiment  should  be 
larger  than  that  used  in  specific  heat  determinations  in 
order  to  prevent  the  steam,  on  entering  the  calorimeter, 
from  flowing  directly  on  to  the  thermometer  bulb,  and  thus 
1  aising  its  temperature  more  than  that  of  the  surrounding 
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water.  The  rise  of  temperature  produced  by  the  introduc- 
tion of  the  steam  should  be  from  10°  C.  to  20°  C,  and  to 
pi-event  lass  of  lieat  by  cooling  it  is  well  to  arrange,  that, 
at  the  commencement  of  the  experiment,  t  is  as  much  below 
the  temperature  of  the  room  as  0  is  above  it  at  the  end 
of  the  experiment. 

A  very  rough  determination  of  the  latent  heat  of  steam 
may  be  made  by  passing  steam  from  water  boiling  in  a 
tlask,  directly  into  the  calorimeter.  The  sources  of  error  in 
such  an  experiment  are  so  many  and  so  great  that  the 
results  obtained  often  vary  by  from  10  to  20  per  cent,  from 
the  true  result.  A  better  form  of  apparatus  for  rough 
determinations  is  that  shown  in  Fig.  46. 
The  flask  F  is  about  half  filled  with  water, 
fitted  with  a  cork  carrying  the  tube  tt,  and 
fixed  in  an  inverted  position  by  means  of 
a  suitable  clamp  on  a  retort  stand.  The 
water  is  heated  by  means  of  a  simple  ring 
burner  BB,  and  the  steam  passes  down  the 
tube  tt  where  it  is  dried.  SS  is  a  screen, 
supported  on  a  ring  on  the  retort  stand, 
to  shield  the  calorimeter  from  the  heat  of 
the  burner  B  and  the  water  in  the  flask. 
Attache<l  to  the  end  of  the  tube  «,  by 
means  of  a  short  piece  of  india-rubber 
tubing,  t,  is  a  nozzle  n,  which  is  a  thin 
glass  tube,  obtiiined  by  drawing  out  a 
pifce  of  thick  tubing.  This  nozzle  dips  into  the  water  in 
the  calorimeter  C,  and  the  current  of  steam  can  he  cut  off, 
for  an  instant,  by  pinching  the  india-rubl)er  tube  i,  which 
should  be  surrounded  with  cotton  wool.  To  perform  the 
experiment,  steam  is  allowed  to  pass  from  the  nozzle  for 
some  time  ;  the  tube  i  is  then  pinched,  for  an  instant,  and 
the  calorimeter  quickly  put  in  position.  Tlie  steam  is  then 
allowed  to  pass,  until  the  recjuired  rise  of  tem|)erature  is 
pro<hued  ;  when  this  is  the  case,  the  calorimeter  is  lowei-ed, 
until  the  mouth  of  the  nozzle  is  just  above  the  surface  of 
the  water,  the  current  of  steam  is  then  stopped,  while  the 
calorimeter  is  withdrawn.     The  reading  of  the  thermometer 
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should  be  noticed  for  a  short  time  after  the  withdrawal  of 
the  calorimeter,  and  the  maximum  temperature  attained 
should  be  taken  as  6. 

69.  Regnault's  results  in  connection  with  latent  heat. 

Regnaiilt  investigated  the  question  of  latent  heat  of  steam 
in  a  series  of  careful  and  elaborate  experiments,  and  found 
that  its  value  depends  upon  the  temperature  at  which 
vaporization  takes  place.  From  the  data  of  a  large  number 
of  experiments  he  was  able  to  formulate  his  results  thus : 
If  Q  denote  the  total  heat  required  to  raise  unit  mass  of 
water  from  0°  C.  to  T°  C,  and  also  to  convert  it  into  steam 
at  T°  C,  then— 

Q=:606-5  +  0-305T.  (1) 

But— 

Q  =  L  +  T 

for,  L  units  of  heat  are  absorbed  during  change  of  state  and  T 
units  are  absorbed  by  the  water,  in  being  raised  from  0°  C. 
toT°C. 

Thus  we  have — 

L=Q-T; 
or — 

L  =  606-,5  +  0-305T-T, 

=  606-5 -0-695T.  (2) 

Hence,  we  have  that  the  total  heat  required  to  raise 
unit  mass  of  water  from  0°  C.  to  100°  C,  and  to  convert 
it  into  steam  at  100°  is  given  by — 

Q,^„  =  606-5  +  (0-305)  100 
=  606-5  +  30-5 
=  637  ; 
and  similarly — 

Ljoo  =606-5-69-5 
=  537. 
That  is,  in  order  to  convert  unit  mass  of  water,  at  100°  C, 
into  steam  at  100°  C,  537  units  of  heat  are  required.  This 
is  generally  expressed  by  saying  that  the  latent  heat  of 
steam  at  100°  C.  is  537  heat  units.*  These  formulae  for  Q 
and  L  also  indicate  the  general  result,  that  Q  increases 
while  L  decreases  with  rise  of  temperature. 

*  See  footnote,  Art.  50. 
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We  have  hitherto  spoken  only  of  tlie  variation  of  Ij  with 
tempei-atiire,  but  it  is  evident  that  this  inipHes  variation 
with  pressure ;  for,  when  we  speak  of  the  latent  heat  of 
steam  at  f  0.  we  imply  that  vaporization  takes  place  at 
a  pressui-e  equal  to  the  maximum  pressure  of  aqueous 
vapour  at  t°  C. 

Table  op  Latent  Heats  op  Vaporization. 
Wat.r         .  .     536-67     |     Ether.         .        .         .     90*45 

Carbonic  disulphide  .  8667 
Oil  of  tur|)entine  .  74'(K1 
Bromine  .  .  .  4r»'6() 
Iodine  .         .         .     23- 9', 


W 1  spirit  .  .  263-70 

Al.nhol       .  .  .  202-40 

Acetic  acid  .  101-91 

Acetic  ether  .  .  106-80 


70.  Condensation  and  distillation.  We  have  already 
Men  that  condensation  is  the  inverse  of  vaporization,  and 
is  accompanied  by  corresponding  thermal  effects.  Distilla- 
tion is  a  combined  process  of  vaporization  and  condensation  ; 
it  is  much  used  for  obtaining  pure  or  distilled  water  from 
ordinary  tap  water,  or  from  salt  water.  It  is  also  of  frequent 
use  for  manufacturing  and  chemical  purposes.  The  liquid 
to  be  distilled  is  heated  in  a  suitable  vessel  and  the  vapour 
produced  passes  through  a  long  spirally  coiled  tube,  sur- 
rounded by  cold  water,  or  is,  in  some  other  way,  cooled 
to  a  temperature  sufficiently  low  to  cause  the  vajwur  to 
condense.  The  liquid  thus  produced  is  collected  in  a  vessel 
into  which  the  worm  opens ;  it  is  free  from  all  solid  matter 
contained,  either  in  suspension  or  solution,  in  the  original 
liquid.  It  should  be  remembered  in  connwtion  with  this 
question  that  when  a  closed  vessel,  or  system  of  communicat- 
ing vefflels,  contains  only  a  liquid  and  its  vajwur,  at  different 
temperatures,  the  pressure  in  the  space  occupied  by  the 
vapour  is  that  determined  by  the  lowest  temperature^  just 
ns  the  sti-ength  of  a  chain  or  rope  is  determined  by  the 
strength  of  the  weakeM  jwint  (Art.  57).  This  explains 
why  distillation  is  possible  in  a  closed  vessel  (compare  the 
crj'ophorus)  or  system  of  ves.sels ;  vapour  is  c*intinually 
forme<l  in  the  piirts  at  higher  tomj>eratui*e  and  is  contlens***! 
where  the  temperature  is  lowest.  The  rate  of  condensation 
is  stu'li  as  to  keep  the  {iiossure  constant  at  the  maximum 
vapour  pressure  coiresponding  to  this  lowest  temperature. 
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71.  In  connection  with  the  subject-matter  of  the  precedinc;  chapter 
the  following  points  bearing  on  calculation  should  be  noticed. 

1.  Dalton's  Second  Law  (p.  110).  If  7^,,  7^2' i^3  denote  the  individual 
pressures  due  to  the  several  constituents  of  a  mixture  of  vapours  then, 
if  this  law  be  applicable,  we  have,  P  =  j»,  +2^2  +  Ps^  where  P  is  the 
total  pressure  exerted  by  the  mixture.  The  most  familiar  example  of 
the  application  of  this  law  is  in  the  case  of  air  and  water  vapour.  If 
P'  denote  the  pressure  due  to  the  air  alone,  and  /  that  due  to  the 
vapour,  then  the  total  pressure,  P,  is  given  by  P  =  P'  +  /. 

2.  Latent  heat  of  vaporization.  If  L  denote  the  latent  heat  of 
vaporization  of  a  given  liquid  then  the  quantity  of  heat  absorbed  dur- 
ing vaporization  by  a  mass  m  of  that  liquid  is  denoted  by  m  L,  and 
the  quantity  of  heat  evolved  during  condensation  of  a  mass  m  of  the 
liquid  is  also  denoted  by  mL.     (Compare  Art,  53,  1.) 

Regnault's  formulse — 

Q,  =  606-5  +  0-305T, 
Lt  =  606-5  -  0-695T, 
should  be  noted,  and  also  the  general  result  deduced  on  p.  126. 

Examples  IX. 

1.  A  quantity  of  hydrogen  is  collected,  over  water,  in  a  eudiometer 
tube.  The  height  of  the  column  of  water,  left  in  the  tube,  is  40-8  mm., 
and  its  temperature  is  15°  C.  ;  find  the  pressure  of  the  hydrogen  in  the 
upi)er  part  of  the  tube.  (Take  the  height  of  the  barometer  at  758  mm.) 
The  space  occupied  by  the  hydrogen  is  saturated  with  aqueous  vapour. 
Hence,  with  the  notation  used  above — 

P  =  P'+/, 
.-.  P'=i'-/, 
where  P  denotes  the  total  pressure  in  the  tube,  P'  that  due  to  the 
hydrogen,  and/ that  due  to  the  aqueous  vapour  present. 

But  since  408  mm.  of  water  are  equivalent  to  y^  =  3  mm.  of 

mercury  we  have  that — 

P  =  758  -  3  =  765  mm. 
and,  from  table  on  page  111,  we  get — 

/=  12-7  mm. 
.  • .  P'  =  755  -  12-7  =742-3  mm. 
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2.  Find  the  latent  heat  of  steam  at  100°  C.  from  the  following 
data- 
Weight  of  calorimeter 105  gm. 

,,         „        ,,  and  water ....  346  gm. 

Initial  temperature  of  calorimeter  and  water    .  4°  C. 

Final  „  „  „  .,        „         .  24"  C. 

Weight  of  calorimeter,  etc.,  at  the  end  of  the 

experiment 354*16  gm. 

Water  etiuivalent  of  caloriraetric  apparatus        .  9  gm. 

Height  of  barometer 752  mm. 

(The  steam  is  produced  at  atmospheric  pressure). 
}\t'To,  from  data  of  question  we  have — 

i_'ht  of  water  in  the  calorimeter  =  346  —  105  =  241  grams  ; 

:_'ht  of  steam  condensed  =r  354*16  —  346  =  8*16  grams  ; 

!ij)erature  of  the  steam  =  99*7*. 

i  n<*  loss  of  heat  — 

(a)  By  the  Htoam  during  condensation  =  w  L  =  8*16  L  calories. 
(A)  By  the  water,  produced  on  condensation  of  the  steam,  in  cooling 
from   99*7*  C.  to  24*'  C.  =  816  (99*7  -  24)  =  816  (757)  =  617*712 
calorics ; 
and,  the  gain  of  heat  by  the  caV.rimetric  apparatus 

=  (24 1  +  9)(24  -  4 )  =  250  x  20  =  5,000  calories. 
Therefore,  equating  we  have — 

816  L  +  617*712  =  5,000. 

.  • .  8-16  L  =  4382-288. 

.-.  L  =  537. 

11.  Expre^  the  latent  heats  of  steam  and  water  in  terms  of  the 
degree  Fahrenheit. 

12.  Draw  up,  from  Regnault's  formulae  for  total  and  latent  heat  of 
fftoam,  a  table  showing  the  value  of  Q  and  L  for  the  temix?rature«, 
Wf  C,  (i*f  ('..  etc.  .  .  .  i:>()°  C.  [Notice  how  Q  and  L  cliange 
(increase  or  dcerease)  with  rise  of  temi)erature.] 

1.3.  Ten  grams  of  steam,  at  100*  C,  arc  blown  into  100  grams  of 
a  mixture  of  ice  and  water  at  0**  C  The  final  temperature  of  the 
mixture  is  5°  C,  find  the  (piantity  of  ice  originally  in  the  mixture. 

15.  Fifty  grams  of  steam,  at  KXf  C.,  arc  parsed  into  a  mixture  of 
100  gramN  of  ire  ami  20<)  grams  of  water  at  if  C.  Find  the  rise  of 
temperature  pnwlured.  The  water  e<iuivalent  of  the  vewel  containing 
the  mixture  of  water  an<l  iec  is  15  grams. 

16.  How  many  grams  of  eopper  at  200°  ('.  must  Iw  drom»e<l  into 
a  mixture  of  2u  ^^mms  of  ire  an<l  20  grams  of  water  at  (f  C.  to  com- 
pletely convert  it  into  Mtcam  at  Kmj"  C.  The  water  c<|uivalent  of  the 
TCMcl  containing  the  mixture  i.s  r*  grams. 
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EXAMINATION  QUESTIONS. 

Questions  set  at  London  University  Examinations. 

Matriculation. 

10.  Define  the  specific  heat  and  the  latent  heat  of  fusion  of  a 
substance. 

The  specific  heat  of  iron  is  "US  ;  how  many  lbs.  of  iron  at  250'  C. 
must  be  introduced  into  an  ice  calorimeter  in  order  to  produce  2  lbs. 
of  water?  Jumu  1881. 

11.  State  the  laws  of  evaporation.  Under  what  circumstances  will 
a  liquid  evaporate,  and  how  must  the  conditions  be  modified  in  order 
that  it  may  boil  ?     What  is  the  dew-point  ?  Ibid, 

12.  Define  specific  heat.  What  is  meant  by  the  latent  heat  of 
steam  ?  How  does  it  vary  with  the  temperature  at  which  the  steam 
is  produced?  Jan.,  1882. 

13.  Twenty  grams  of  iron  at  98**  C.  (specific  heat  '119)  are  immersed 
in  80  grams  of  water  at  10°  C.  contained  in  a  copper  vessel  whose 
mass  is  15  grams.  Find  the  resulting  temperature  the  specific  heat 
of  copper  being  -095. 

What  precautions  should  be  taken  to  prevent  loss  of  heat  during 
the  experiment  ?  Ibid. 

14.  What  do  you  understand  by  a  unit  of  heat  ? 

How  would  you  determine  experimentally  the  number  of  units  of 
heat  required  to  convert  1  lb.  of  water  at  100°  C.  into  steam  at  the 
same  temperature  ?     Describe  fully  the  details  of  the  experiment. 

JuTie^  1882. 

16.  Describe  a  method  of  determining  the  specific  heat  of  a  "solid. 

How  many  units  of  heat  would  cause  a  mixture  of  ice  and  water  to 
contract  by  50  c.mm.,  if  100  c.mm.  of  water  at  0°  C.  become  109 
c.mm.  of  ice  on  freezing  ?  Jan.,  1883. 

16.  What  is  meant  by  the  statement  that  the  latent  heat  of  steam 
is  537  ?  One  pound  of  saturated  steam  at  160''  C.  is  blown  into  19  lbs. 
of  water  at  0°  C,  and  the  resulting  temperature  is  32-766°  C.  Find 
the  latent  heat  of  steam  at  160°  C.  June,  1883. 

17.  State  clearly  the  distinction  between  temperature  and  heat. 
Twenty  pound-degrees  of  heat  are  communicated  to  a  metal  vessel 

weighing  8  lbs.,  and  containing  10  lbs.,  of  water.  If  the  specific 
heat  of  the  metal  be  ^V,  in  what  proportion  will  the  heat  be  divided 
between  the  water  and  the  vessel,  and  what  will  be  their  rise  of 
temperature  ?  Jan.,  1884. 
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18.  De8cril)C  Bunsen's  calorimeter.  If  100  c.cm.  of  water  in  freezing 
become  109  c.cm.  of  ice,  and  the  introduction  of  2t)grams  of  mercury 
at  lOCfC,  into  a  Bunsen's  calorimeter  cause  the  end  of  the  column 
of  mercury  to  move  through  74  mm.  in  a  tube  1  sq.  mm.  in  section, 
find  the  specific  heat  of  mercury.  (The  heat  required  to  melt  one 
gram  of  ice  is  80  units.)  Jan.^  1884. 

10.  Explain  fully  the  meaning  of  the  statement  that  the  latent  heat 
:  >toam  is  537.  The  specific  heat  of  mercury  is  -03.  A  pound  of 
-!■  am  at  100°  C.  is  matle  to  pass  into  a  vessel  containing  300  lbs. 
of  mercuiT  initially  at  0°  C,  the  capacity  for  heat  of  the  vessel  being 
cqoal  to  that  of  10  lbs.  of  water.  What  will  be  the  temperature  of 
the  ressel  and  contents  at  the  end  of  the  experiment  ?    Jutu\  1884. 

20.  200  grams  of  water  at  99*  C.  are  mixed  with  200  ccm.  of  milk 
of  density  1-03  at  15°  C,  contained  in  a  copper  vessel  of  thermal 
cajMicity  etjual  to  that  of  8  grams  of  water,  and  the  temixjrature  of 
the  mixture  is  57°  C.  If  all  the  heat  lost  by  the  water  is  gained  bj 
the  milk  and  the  copper,  what  is  the  sjKicific  heat  of  the  milk  ? 

Jan.,  1885. 

21.  A  pound  of  ice  at  0°  C.  is  thrown  into  6  lbs.  of  water  at 
15°  C.  contained  in  a  copper  vessel  weighing  3  lbs.  and  when  the  ice 
in  melted  the  temi)crature  of  the  water  is  2°  C.  Find  the  latent  heat 
of  fusion  of  ice,  the  specific  heat  of  copjxjr  being  0-095. 

Jum,  1886. 

Si.  Define  specific  heat  and  describe  an  experiment  by  means  of 
which  the  specific  heats  of  oil  and  water  may  l>e  compared. 

Jan.,  1887. 

23.  Explain  the  term  latent  heat.  If  25  grams  of  steam  at 
10(f  C.  l)e  paasetl  into  300  grams  of  ice-cold  water,  what  will  be  the 
temperature  of  the  mixture,  the  latent  heat  of  steam  being  taken 
equal  to  636  f  Ihid. 

24.  Describe  experiments  illustrating  the  difference  between  tem- 
perature and  heat.  In  100  grams  of  boiling  water  (f  =  100°)  there 
are  placed  20  grams  of  ice  and  the  temperature  falls  to  70°  when  the 
ice  IS  just  melte<l.  What  is  the  latent  heat  of  fusion  of  ice,  amuming 
no  heat  to  be  lost  ]  June,  1887. 

25.  Distinguish  between  saturated  and  unsaturated  vapour. 
What  is  meant  by  the  ttatement,  that  when  the  dew-point  is  20°  C, 

the  maximam  pressore  of  aqueous  rapour  in  the  air  is  that  due  to 
17*4  mm.  of  mercozy  7  Ifrid. 

26.  Define  the  terms  latent  heat,  specific  heat,  and  capacity  for 
heat.  The  specific  heat  of  copper  is  -OSS.  What  is  the  capacity 
for  beat  of  500  grams  of  oopper )  If  500  grams  of  copper  are  Mated 
to  U*f  C,  and  placed  in  an  ice  calorimeter,  how  much  ice  is  melted, 
the  latent  beat  of  fusion  of  ice  being  m  ? 
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CHAPTER  IX. 

TIYG  R  0  M  ETRY. 

72.  Evaporation  is  constantly  going  on  from  the  surface 
of  the  sea,  rivers,  and  lakes  ;  and  thus  there  is  always  more 
or  less  moisture  in  the  air.  We  may  convince  ourselves  of 
this  by  a  few  simple  experiments. 

(1)  Fill  a  glass  vessel  full  of  ice-cold  water  and,  after 
thoroughly  drying  the  outer  surface  of  the  vessel,  let  it  be 
exposed  to  the  air ;  in  general,  owing  to  the  condensation  of 
the  aqueous  vapour  in  the  air,  beads  of  moisture  will  quickly 
form  on  the  surface  of  the  cold  glass. 

(2)  Pass  a  current  of  air  for  some  time  through  a  U-tube 
containing  pieces  of  calcium  chloride  or  pumice-stone  soaked 
in  sulphuric  acid.  If  the  U-tube  be  weighed  before  and 
after  the  experiment  it  will  be  found  to  have  increased  in 
weight  on  account  of  the  moisture  absorbed  from  the  air. 

73.  Relative  humidity.  TTygrometry  deals  with  all 
measurements  connected  with  the  state  of  the  air  as  re- 
gards the  moisture  present  in  it.  We  speak  of  the  air  as 
being  dry  or  moist  according  as  we  think  it  contains  little 
or  much  moisture,  but  the  condition  of  the  air,  in  relation 
to  dryness  or  moisture,  involves  two  elements  :  (1)  the 
quantity  of  vapour  actually  present  in  the  air  ;  (2)  the 
quantity  of  vapour  necessary  to  saturate  the  air  under 
the  same  conditions,  and  it  is  on  the  ratio  of  these  two 
elements  that  our  sensations  of  dryness  and  moisture  chiefly 
depend  and  not  on  the  first  alone.  Thus,  the  air  in  a  warm 
room  may  really  contain  more  aqueous  vapour  than  the 
outside  air  and  yet  be  drier  because  the  amount  required 
to  saturate  it  is  so  much  greater ;  for,  we  have  seen  that 
the  mass  of  vapour  required  to  saturate  a  given  space 
increases  with  the  temperature,  and  is  independent  of  the 
presence  of  air  or  other  gas  in  that  space.    The  hygrometric 
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siih-ri'd  as  the  ratio  of  the  tmiss  of  iiqiteotLs 
lUi/  jjrenriit  ill  a(jiven  volume  to  the  nuiss  of  vapour 
fcqaircd  to  saturate  the  same  volume,  at  the  same  temperature^ 
has  been  called  the  humidity  or  relative  humidity  of  the 
ail',  and  is  usually  expressed  either  as  a  ratio  or  as  a  per- 
centage. For  example,  if  a  cubic  meti-e  of  air  at  a  particular 
temperature  contain  10  grams  of  aqueous  vapour,  and  if  30 
grams  are  required  to  saturate  it  at  the  saiae  temperature, 
then  the  relative  humidity  is  J,  or  33-5,  if  expressed  as  a 
percentage. 

75.  Direct  determination    of   relative    humidity.      In 
order  to  determine  the  relative  humidity  of  the  air,  in  the 
way  explained  above,  it  is  evident  that  we  must  determine, 
by  actual  experiment,  the  mass  of  vapour  really  present  in 
a  given   volume  of   ah*,  and  must  also  calculate  the  mass 
of  vapour  required  to  saturate  the  same  volume   at  the 
same  temi)ei'ature.       For  this  purpose  a  quantity  of  air, 
the  humidity  of  which  is  to  be  determined,  is  dnvwn  through 
a  series  of  drying  tubes  containing  fragments  of  pumice- 
stone  soaked  in  concentrated  sulphuiic  acid.     To  effect  this 
the  drying  tubes  are  connected  together  by  short  comnuini- 
cating  tubes,  and  one  end  of  the  furies  is  connected  to  the 
upper  tube  of  an  aspirator,*   while  the  other  opens  into 
the  outer  air.      The  aspii-ator   is  filled  with  water,  and, 
when  the  communication  with  the  drying  tubes  is  effected, 
the  upper  and  lower  stopcocks  are  opened.     The  water  then 
flows  out  by  the  lower  tube  and  air  is  sucked  in  through 
the  drying  tul)es,  and  is  collected  in  the  upper  part  of  the 
aspirator.     The  air,  in  passing  through  the  drying  tubes, 
is  deprived  of  its  moisture,  and  by  determining  the  increase 
in  weight  of  the  first  two  or  throe  tubes,  the  weight  of 
moisture  depositee!  is  known.     The  volume  of  the  air  drawn 
through  the  apparatus  is  determined  by  the  weight  of  the 
water  which  has  escai^ed  from  the  aspirator.     This  volume 

*  The  Mpirator,  Fig.  48,  A,  is  a  largo  vessel  of  from  50  to  100  litres 
oapftdtj,  having  a  tub«,  fitted  with  a  stopcock  at  its  ap|)cr  and  lower 
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iK'iiig  determined,  it  only  remains  to  calculate  the  mass 
of  vapour  necessary  to  saturate  it  at  its  initial  tempera- 
ture. 

This  method  of  determining  relative  humidity  is  known 
as  the  chemical  method. 

76.  Dew-point.  The  chemical  method,  described  above, 
leaves  nothing  i^  be  desired  so  fai-  as  accuracy  is  concerned, 
but  it  is  a  somewhat  tedious  and  difficult  process,  and,  as  it 
is  very  often  necessary,  for  meteorological  and  other  purposes, 
to  know  the  hygrometric  state  of  the  air,  simpler  methods, 
based  upon  the  determination  of  the  dew-point,  have  been 
adopted.  Imagine  a  given  volume  of  moist  air  as  isolated, 
by  an  imaginary  envelope,  from  the  surrounding  air ;  if  the 
temperature  of  this  volume  of  air  be  gradually  lowered, 
both  the  air  and  vapour  will  contract  according  to  the  same 
law,  but  the  pressure  of  each  will  remain  unchanged,  the 
sum  of  the  two  pressures  being,  by  Dalton's  second  law, 
always  equal  to  the  constant  atmospheric  pressure.  As 
the  temperature  is  lowered,  a  point  is  finally  reached  at 
which  condensation  of  the  vapour  present  begins;  this 
evidently  takes  place  at  the  temperature  for  which  the 
existing  vapour  pressure  is  the  maximum  pressure,  and 
this  temperature  is  known  as  the  dew-point,  which  may 
be  defined,  as  the  temiKrature  at  v)hich  the  vapour  actually 
present  in  the  air  is  sufficient  to  satitrate  it.  Hence,  if 
we  cool  a  mass  of  air  down  until  condensation  begins,  at 
a  temperatui*e  t,  then,  the  maximum  pressure  of  aqueous 
vapour  at  this  temperature,  gives  the  initial  pressure  of 
the  vapour  present  in  the  air,  for,  since  this  pressure 
remains  constant  during  the  cooling,  if  we  can  determine 
its  value  at  one  stage  of  the  process,  we  know  that  it 
must  have  been  the  same  at  any  other  stage.  If,  there- 
fore, we  know  the  dew-point,  we  can  determine  the  pres- 
sure exerted  by  the  aqueous  vapour  normally  present  in 
the  air,  and  it  can  be  shown  that  the  relative  humidity  is 
determined  by  the  ratio  of  this  pressure  to  the  maximum 
pressure  of  aqueous  vapour  at  the  original  temperature 
of  the  air.     That  is,  if  h  denote  the  relative  humidity  of 
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the  air,  /  the  Uiivximum  pressure  of  iU|iieuus  vaixjui*  at  the 
(lew-point,  and  F  the  maximimi  pressure  at  the  temperature 
of  the  air,  then — 

h  =  L. 

For  example,  if  air,  at  15°  C,  be  cooled  down  to  10°  C, 
before  condensation  commences,  then — 

A  =    -^fi.  =  ^  =  -724  ;  or  724  per  cent. 


77.  Dew-point  hygrometers.  These  are  instruments 
devised  for  determining  the  dew-jjoint,  and  thus,  as  ex- 
plained above,  indicating  the  hygrometic  state  of  the  air ; 
they  aiisume  somewhat  different  forms,  but  the  principle  of 
action  is  the  same  in  each.  The  more  important  forms 
are — 

1.  Darnell's  hygrometer.  This  is  a  simple  modification 
of  the  cryophorus,  containing  ether  instead  of  water.  One 
of  tlie  glol>es,  A  (Fig.  47),  is  made  of  black  glass,  or  has  a 
zone  of  gilding  round  it,  and  contains  a  small  thermometer 
t ;  the  other,  B,  is  a  plain  glass  bulb.  The 
tulje  and  attiiched  bulbs  are  mounted  on  a 
suitable  stand  civrrying  a  thermometer,  t'y 
which  serves  to  indicate  the  temperature  of 
the  air.  To  use  the  instrument,  all  the  ether 
is  passed  into  A,  and  B  is  coveretl  with  muslin ; 
a  small  (juantity  of  ether  is  then  potired  on 
this  muslin,  from  which  it  rapidly  evaporates, 
and,  in  m)  doing,  absorlw  heat  fix)m  B.  The 
cold  thus  produced  tends  to  condense  the  ether  vapour  in 
B  ;  this  cjiuses  rapid  evapomtion  from  the  surface  of  the 
liquid  in  A,  and  consetiuently,  the  temperatiu^  indicated 
by  the  thermometer  t  rapidly  falls.  As  this  goes  on  the 
Kiu-face  of  A  is  carefully  watched,  and  the  temjierature, 
jjivon  by  t,  at  which  dew  begins  to  form  on  it  is  carefully 
notcMl.     The  instrument  is  now  left  to  itself  until  the  dew 
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thus  formed  on  A  entii-ely  disappears,  and  the  reading  of  t  at 
the  instant  of  disappearance  is  recorded.  Tlie  dew-point  is 
very  approximately  given  by  the  mean  of  the  two  readings 
thus  taken. 

Tlie  temperature  of  the  air  is  given  by  the  thermometer 
<',  and  thus  sufficient  data  for  the  determination  of  lelative 
humidity  are  obtained. 

2.  Regnault's  hygprometer.  This  is  really  an  improved 
form  of  Darnell's  hygrometer.  It  consists  (Fig.  48)  of  a 
glass  tube,  T,  closed  below  by  a  thin  silver  cap  S.  Its 
mouth  is  fitted  with  a  cork  carrying  a  thermometer  t  and 
a  piece  of  tubing  d,  both  passing  down  nearly  to  the 
To  use  the  instrument  ether  or 
alcohol    is    placed    in     the 


bottom   of   the   tube. 


Fig.  48. 


IS  piacea  in 
tube  and  a  current  of  air 
is  drawn  through  by  the 
aspirator  A ;  entering  by 
d,  the  air  bubbles  through 
the  liquid  and  enters  A 
through  the  side  tube  e  and 
the  vertical  tube  Y.  This 
passage  of  air  through  the 
ether  or  alcohol  in  S  causes 
rapid  evaporation  to  take 
place ;  the  temperature  of 
the  liquid  therefore  falls,  and  ultimately  the  aqueous  vapour 
in  the  air  condenses  on  the  surface  of  S. 

As  with  Darnell's  hygrometer,  the  dew-point  is  obtained 
by  reading  the  thermometer  t  at  the  instants  of  appear- 
ance and  disappearance  of  the  film  of  moisture  on  the 
bright  surface  of  S,  and  taking  the  mean  of  the  two  readings 
so  obtained. 

This  form  of  the  instrument  has  the  advantage  that,  by 
regulating  the  current  of  air,  the  cooling  of  the  liquid  in  S 
may  be  made  sufficiently  slow  to  note,  with  accuracy,  the 
temperature  at  which  the  film  of  moisture  commences  to 
form  on  S.  This  observation  is  usually  further  facilitated 
by  having  a  second  tube,  S',  similar  to  the  hygrometer  tube, 
supported  on  the  same  stand,  in  such  a  position  that  the 
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tipiKJiiraiice  of  the  two  silver  caps  may  be  easily  contnistetl 
and  the  dimness  due  to  the  deposition  of  moisture  on  S 
more  readily  detected.  S'  is  not,  however,  an  essential 
part  of  the  instrument ;  it  has  no  connection  with  S, 
and  serves  only  for  comparison,  as  explained  above,  and 
to  carry  a  thennometer,  <',  which,  like  that  on  the 
stand  of  Daniell's  hygrometer,  gives  the  temperature  of 
the  air. 

Renault's  hygrometer  has  several  advantages  over 
Daniell's  form  of  the  instrument ;  the  most  important  of 
these  are — 

(i)  The  rate  of  cooling  can  be  more  easily  regulated. 

(ii)  The  observations  are  made  by  means  of  a  telescope 
at  some  distance  from  the  apparatus,  so  that  all  risk  of 
error,  due  to  the  proximity  of  the  observer,  is  obviated. 

(iii)  The  current  of  air  passing  through  the  liquid  secures 
uniformity  of  temperature  throughout  its  mass,  and,  as  the 
silver  caps  are  good  conductors  of  heat  and  very  thin,  the 
temperature  indicated  by  the  thermometer  in  S  is  almost 
exactly  the  temperature  of  the  surface  of  S  at  which 
condensation  takes  place. 

In  order  to  obtain  good  determinations  with  any  form  of 
dew-point  hygrometer,  the  experiment  should  be  so  con- 
ducted that  the  temperatures  of  apj^earance  and  disappear- 
ance of  the  film  of  moisture,  on  the  cold  surface,  are  very 
nearly  the  same. 

78.  Wet  and  dry  bulb  hygrometer.  This  instrument  is 
.souu'tiuies  calleil  Muhohh  hi/yruiaeter,  and  also  AruftisCa 
pst/cJtronieter.  It  consists  of  two  exactly  similar  thermo- 
meters,  mounted  on  the  same  stand  in  such  a  way  that  the 
air  can  circulate  freely  round  their  bulbs.  One  thermometer 
is  use^l  merely  to  give  the  temperature  of  the  air;  the 
other  has  it«  bulb  covered  with  muslin,  which  is  kept 
moist  by  means  of  an  «ttacho<l  wick  communicating  with 
a  vomel  of  water.  'Hie  evaporation  which  Uikes  place 
from  this  wet  bulb,  pnKluces  a  fall  of  temperature,  and 
ooniiequently  the  wet  bulb  therujouieter  always  reads  lower 
than  the  dry  bulb.     Now  it  is  evident  that  this  difierenoe 


138  HEAT. 

of  temperature  between  the  two  theimometei*s,  depending, 
as  it  does,  on  the  cold  produced  by  evaporation  from  the 
wet  bulb,  wdll  be  pix)portional  to  the  rate  at  which  evapora- 
tion takes  place,  and,  as  this  depends  on  the  quantity  ot 
moisture  already  in  the  air,  we  can  see  that  the  difference 
of  temperature  of  the  thermometers  is  indirectly  related  to 
the  hygrometric  state  of  the  air.  If  this  relation  can  be 
discovered  it  may  serve  to  determine  the  humidity  of 
the  air,  but,  as  the  assumptions  involved  are  somewhat 
doubtful,  it  is  usual  to  determine  the  dew-point  from  the 
thermometric  readings,  by  means  of  tables,  empirically 
constructed  from  the  simultaneovs  indications  of  a  dew- 
point  instrument. 

79.  Hygroscopes  are  contrivances  with  hair,  cat-gut,  etc., 
which  serve  to  indicate  the  humidity  of  the  air  by  means 
of  some  effect  produced  by  the  absorption  of  moisture. 
Many  substances  absorb  moisture  to  a  degree  dependent 
on  the  quantity  present  in  the  air,  and  this  absorption  is 
generally  accompanied  by  some  variation  in  the  form  or 
condition  of  the  substance.  The  nature  of  the  variation 
depends  on  the  structure ;  for  instance,  membranous  bodies, 
such  as  paper,  parchment,  etc.,  expand  and  contract  regularly 
according  as  they  absorb  or  lose  moisture;  filamentous 
substances  change  much  more  in  thickness  than  in  length ; 
ropes,  strings,  and  threads,  which  are  composed  of  twisted 
fibres,  swell  out  and  shorten  *  on  the  absorption  of  moisture. 
Hair,  owing  to  its  peculiar  structure,  shortens  as  the 
humidity  increases.  A  single  hair  is  made  up  of  a  series  of 
cones  fitting  one  into  the  other ;  on  absorption  of  moistiu'e, 
it  swells  out,  causing  the  vertical  angles  of  the  cones  to  in- 
crease, and  consequently  they  fit  better  into  one  another, 
and  the  hair  contracts. 


*  [It  should  be  noticed  that  the  individual  fibres  of  a  rope,  etc., 
probably  increase  sli/fhtly  in  length,  but  the  rope,  as  a  whole,  shortens 
for  the  same  reason  that  a  number  of  thick  strings  form,  on  twisting, 
a  shorter  rope  than  the  same  number  of  fine  strings  of  the  same  length 
twisted  to  the  same  extent.] 
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De  Sas«iire's  hygroscope  (Fig.  50)  is  of  historic  interest, 
as  being  the  fii-st  instrument  devised  for  hygrometric 
purposes.  It  consists  of  a  hair  from  which  all  grease  haa 
been  removed  by  washing  it  in  a  solution 
of  soda.  It  is  fastened  at  one  end  to  the 
screw-pin  «,  and  at  the  other  passes  once 
round  the  pulley  p^  and  carries  the  small 
weight  w,  which  keeps  it  tightly  stretched. 
Attached  to  the  pulley  is  the  needle  n,  which 
indicates,  on  a  magnified  scale,  the  change 
in  length  of  the  hair  corresponding  to 
changes  in  the  humidity  of  the  air.  The 
-(•ale  round  which  the  needle  moves  is 
graduated  to  indicate  various  degrees  of 
humidity,  but  the  indications  ai-e  only 
relative,  and  the  instrument  is  never  used 
purposes. 


Fij?.  50. 

for  scientific 


Table  showing  pressure  of  aqueous  vapour  (/)  in  mm. 
and  mass  of  water  {m)  in  grams  contained  in  1  cubic 
metre  of  air,  with  dew-point  /.     (iiegimvU  and  Magnus.) 
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CALCULATIONS. 

80.  The  principles  necessary  for  the  solution  of  problems  connected 
with  hygrometry  have  already  been  dealt  with  in  Arts.  74—76  of  the 
preceding  chapter.     The  following  points  may  be  again  noted  :  — 

1.  In  calculating  the  mass  of  aqueous  vapour  present  in  a  given 
volume  of  air  it  must  be  remembered  that  the  total  pressure  of  the 
mixture  is  made  up  of  two  pressures :  («)  the  pressure  of  the  air  ; 
(J)  the  pressure  of  the  vapour  present.  The  latter  pressure  is  equal 
to  the  maximum  pressure  of  aqueous  vapour  at  the  dew-point,  and 
is  the  pressure  to  be  employed  in  calculating  the  required  mass. 

2.  If  the  hygrometric  state,  or  relative  humidity  of  air  be  denoted 
by  h,  then — 

7t  =  — , » 
m 

where  m  denotes  the  mass  of  aqueous  vapour  actually  present  in  the 
air,  and  m'  denotes  the  mass  of  aqueous  vapour  necessary  to  saturate 
the  air  under  the  existing  conditions. 

Also — 

where  /  denotes  the  maximum  pressure  of  aqueous  vapour  at  the 
dew-point,  and  F  denotes  the  maximum  pressure  of  aqueous  vapour 
corresponding  to  the  temperature  of  the  air. 

3.  The  mass  of  1  litre  of  dry  air  at  0°  C.  and  760  mm.  pressure  is 
1'293  grams. 

The  mass  of  1  litre  of  aqueous  vapour  at  0°  C.  and  760  mm.  pressure 

is  approximately  — (1'293)  grams  =  0-808  grams. 
o 

Examples  X. 

1.  Two  cubic  metres  of  moist  air,  at  17°  C,  were  drawn  through 
a  chemical  hygrometer,  and  24*12  grams  of  water  were  deposited  in 
the  tubes.     Find  the  relative  humidity  of  the  air. 

From  above — 

in' 
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Here— 

ni  =  24'12  grams, 

and  m'  denotes  the  mass  of  aqueous  vapour  necessary  to  saturate  2 
cubic  metres  (i.e.  2,000  litres)  at  IT  C.  The  maximum  pressure  of 
aqueous  vapour  at  17**  C.  =  14*4  mm.    (See  Table  on  p.  139.) 

.  ^,j,^  2,000  X  0-808  X  14-4x273 
7«0  X  21>U 

=  28-84  grams. 

or,  the  percentage  humidity  =  83-7. 

3.  Find  the  bygrometric  state  of  air  at  20**  C,  the  dew-point 
being  5°  C. 

The  maximum  pressure  of  aqueous  vapour  at  — 

5"  C.  =  6-5  mm.  =/ 
20°  C=  17-4  mm.  =  ^. 

F     174 

or.  as  a  percentage — 

h  =  37-4. 

4.  Find  the  mass  of  a  litre  of  moist  air  at  18°  C,  the  dew-point 
being  5°  C,  and, the  barometric  height  7575  mm. 

5.  The  relative  humidity  of  air  at  16°  C,  expressed  as  a  percentage, 
is  225  ;  find  the  dew-point. 

6.  Two  cubic  metres  of  air,  at  14°  C  ,  are  found  to  contain  IS'St; 
grams  of  moisture.  Find  the  dcw-pf)int  and  relative  humidity  of 
the  air. 

7.  Twenty  litres  of  moist  air,  at  15°  C,  are  drawn  through  a 
i'li«niiral  hygrometer,  and  found  to  contain  0-1863  grams  of 
moisture.     What  is  the  hygrometric  state  of  the  air? 
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CHAPTER  X. 


TRANSMISSION  OF  HEAT. 


81.  Heat  is  transmitted  from  one  point  to  another  in  three 
different  ways. 

I.  Conduction. 
II.  Convection. 
III.  Radiation. 
In  conduction  heat  is  transmitted  through  the  mass  of  a 
substance  in  the  direction  of  decrease  of  temperature,  and 
is  effected  by  the  transfer  of  heat  from  each  particle  to 
adjacent   particles   at   a   slightly   lower    temperature.     A 
familiar  example  of  conduction  is  found  in  the  passage  of 
heat  along  a  poker  which  has  one  end  placed  in  the  fire  ;  it 
is  well  known  that  the  heat  passes  up  the  poker  from  the 
end  which  is  in  the  fire,  that  is,  it  is  transmitted  in  the 
direction  of  decrease  of  temperature. 

In  convection  heat  is  transmitted  through  the  substance 
of  a  body,  by  means  of  the  motion  of 
heated  particles  from  one  point  of  the 
body  to  another.  This  mode  of  trans- 
mission of  heat  can,  therefore,  take  place 
only  in  liquids  and  gases.  The  heating  of 
a  liquid  by  means  of  a  source  of  heat 
placed  below  the  vessel  containing  it 
(Fig.  51)  is  a  case  where  convection  has 
most  to  do  with  the  heating  of  the  entire 
mass.  The  portions  first  heated  expand 
and,  thus  becoming  lighter,  rise  vertically  ; 
to  replace  this  liquid  the  colder  liquid 
round  the  sides  of  the  vessel  descend,  and 
thus  an  upward  current  is  formed  directly 
over  the  flame,  and  downward  currents  are  set  up  all  round 
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the  cii-cumfei-ence  of  the  vessel.  In  this  way  the  Hquid 
cii-culates  round  and  round,  and  every  portion  of  it  is 
in  turn  brought  under  the  direct  influence  of  the  source 
of  heat.  Currents  thus  set  up  in  a  fluid  are  commonly 
called  convection  currents;  their  existence  and  direction 
may  be  demonstrated,  in  the  case  mentioned  above, 
by  putting  a  little  cochineal  or  fine  sawdust  into  the 
liquid. 

It  must  be  remembered  that  although  convection  currents 
greatly  facilitate  the  heating  of  a  mass  of  fluid,  by  carrying 
the  heated  portions  away  from  the  source  of  heat  and 
bringing  the  colder  portions  near  to  it,  and  also  by  mixing 
together  the  hot  and  cold  portions,  yet  the  transfer  of  the 
heat  from  the  source  of  heat  to  the  fluid,  and  from  the  hot 
to  the  cold  portions  of  the  fluid,  takes  place  by  condiLctiony 
and  thus  convection  may  be  considered  as  a  hydrostatic 
phenomenon  which  results  from  the  expansion  of  fluids 
under  the  action  of  heat,  and  accelerates  the  uniform  distri- 
bution of  heat  through  a  mass  of  fluid,  by  setting  up  a  con- 
dition of  things  extremely  favourable  to  the  transfer  of  heat 
by  conduction. 

Radiation  is  entirely  different  in  its  nature  from  conduc- 
tion and  convection.  Heat  is  said  to  pass  by  radiation 
when  it  \r  transmitted,  from  one  body  to  another,  through 
a  vacuum,  or  through  an  intervening  material  medium  with- 
out affecting  the  temperature  of  the  medium.  The  heat  of 
the  sun  reaches  us  by  radiation,  as  does  also  the  warmth  we 
experience  when  we  stand  before  a  fire.  If  a  thermometer 
be  suspended  in  a  vessel  exhausted  of  air,  it  can  be  shown 
to  be  susceptible  to  the  influence  of  a  hot  body  placed  in 
contact  with  the  walls  of  the  vessel ;  this  shows  that  radia- 
tion takes  place  from  the  walls  of  the  vessel  to  the  thermo- 
meter through  the  vacuum. 

Again,  if  we  hold  a  piece  of  metal  in  front  of  a  fire,  or 
exposed  to  the  direct  rays  of  the  sun,  it  rapidly  absorbs 
heat  and  its  tem[)erature  rises,  although  that  of  the  sur- 
rounding air  remains  constant;  this  shows  that  radiation 
takes  place  through  the  air  without  sensibly  affecting  its 
tem|>eraturo.     Ikxlios  which,  like  air,  allow    ra<li:ition    to 
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take  place  through  them,  without  themselves  being  heated, 
aie  called  diathermanoits.^' 

Conduction. 

82.  Thermal  conductivity.  Conduction  deals,  as  we 
have  seen,  with  the  transmission  of  heat  through  a  sub- 
stance, from  particle  to  particle,  in  the  direction  of  decrease 
of  temperature  ;  that  is,  heat  always  passes  from  one  particle 
to  adjacent  particles  at  a  slightly  lower  temperature.  The 
facility  with  which  this  transmission  of  heat  takes  place 
through  different  substances  varies  widely  with  the  nature 
of  the  substance ;  this  is  generally  expressed  by  saying  that 
the  thermal  conductivity  of  different  substances  varies  with 
the  nature  of  the  substance. 

In  general,  metals  are  good  conductors  of  heat ;  organic 
substances,  such  as  wood,  bone,  wool,  felt,  etc.,  are  bad 
conductors,  brick  is  also  a  feeble  conductor  of  heat ;  stone, 
marble,  slate,  glass,  etc.,  are  better  conductors  than  organic 
substances  or  brick,  but  their  conductivity  is  much  below 
that  of  the  metals  (see  Table  on  p.  152).  Several  familiar 
phenomena  are  explained  by  this  difference  in  the  conduc- 
tivities of  different  substances  ;  for  example,  in  the  hot  room 
of  a  Turkish  bath,  where  all  the  objects  are  at  the  same 
temperature,  metallic  objects  feel  much  hotter  than  others 
and  may  inflict  a  burn ;  similarly,  in  a  cold  room  metallic 
objects  feel  very  cold  to  the  touch,  whilst  wooden  objects, 
carpets,  clothing,  etc.,  hardly  feel  cold  at  all,  and  yet  all 
the  objects  in  the  room  may  be  shown  to  have  the  same 
temperature  by  bringing  them  successively  in  contact  with 
a  thermometer.! 

The  reason  of  this  diflference  to  the  touch  is  found  in  the 

♦  It  should  be  understood  that  no  substance  is  perfectly  diatherma- 
novs,  but  some  substances  absorb  so  little  of  the  radiation  transmitted 
through  them  that  they  are  considered  diathermanous.  The  term 
diathermanovfi  is  strictly  comparable  with  tranaparent,  as  applied 
with  reference  to  the  transmission  of  light ;  no  substance  is  perfectly 
transparent,  but  gases,  glass,  etc.,  are  very  nearly  so. 

t  If  the  thermometer  be  initially  at  the  temperature  of  the  hand  it 
will  take  the  temperature  of  the  metallic  bodies  much  more  rapidly 
than  that  of  the  other  substances  in  the  room. 
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fact  that  the  metalUc  objects,  being  good  conductoi'js, 
rapidly  convey  heat  to  or  fix)m  the  hand,  and  thus  a 
t«nsjition  of  heat  or  cold  is  experienced.  The  order  of  the 
conductivities  of  different  substances  may  on  this  account  be 
roughly  determined  by  touching  them,  when  they  are  at  a 
common  temperature,  higher  or  lower  than  that  of  the 
hand,  and  classifying  them  according  to  the  intensity  of 
the  sensations  of  heat  or  cold  experienced  in  each  case. 
The  warmth  due  to  the  clothing  we  wear,  bedclothes,  etc., 
results  from  the  low  conducting  power  of  the  material  used 
for  such  purposes;  the  heat  of  the  body  is  allowed  to 
escape  only  very  slowly,  and  thus  the  feeling  of  warmth 
is  maintained. 

A  good  example  of  this  retention  of  heat  by  a  hot  body 
sun'ounded  by  some  bad  conductor  of  heat  is  found  in 
what  is  called  a  Norwegian  cooking  box,  which  consists  of 
a  wooden  box  having  a  thick  lining  of  felt  inside,  so 
arranged  as  to  leave  a  central  cylindi'ical  space,  into  which 
the  vessel  containing  the  food  exactly  fits.  The  food  is 
jmrtly  cooked  over  the  fire  in  this  vessel,  and,  while  still 
hot.  Is  placed  in  the  box,  and  the  lid,  also  felt  lined,  closed 
over  it.  The  heat  is  so  well  retained  that  the  cooking  is 
ajmpleted  in  the  box,  and  after  an  interval  of  some  hours, 
the  temperatui-e  will  have  fallen  through  only  a  few 
degrees.  Biid  conductors  are  as  effective  in  keeping  a 
bo<ly  cool  as  in  keeping  it  warm.  Thus  a  piece  of  woollen 
material  will  keep  a  vessel  of  hot  water  warm  if  wrapped 
round  it ;  it  will  also  keep  a  piece  of  ice  from  melting ;  in 
the  one  case  heat  Is  prevented  from  passing  out  from  the 
water,  and,  in  the  other,  from  piussing  in  to  the  ice. 

Liquids  and  gases  are,  in  general,  very  bjid  conductors 
of  heat,  the  gases  being  of  very  low  conductivity.  For 
this  rea.son  substances  such  as  cotton  wool,  which,  on 
account  of  their  structure,  contain  a  great  deal  of  air,  are 
very  bid  conductors  of  heat.  The  difference  in  the  con- 
ductivity of  different  sul)stances  may  l)o  illustratt>d  by  a 
few  simple  experiments. 

If  a  short  rod  of  wood  have  one  end  fitted  into  a  braas 
tube  of  the  same  external  diameter,  and  a  piece  of  thio 
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paper  be  wrapped  round  the  junction  of  the  wood  and 
brass,  it  will  he  found,  on  holding  the  paper,  thus  wrapped 
round  the  rod,  for  a  short  time  in  the  flame  of  a  spirit 
lamp  or  Bunsen  burner,  that  the  portion  in  contact  with 
the  wood  is  scorched,  while  that  in  contact  mth  the  brass 
is  not.  This  is  due  to  the  fact  that  the  brass,  being  a  good 
conductor  of  heat,  conducts  the  heat  away  from  the  paper 
sufficiently  rapidly  to  prevent  its  being  scorched,  whereas 
the  wood,  being  a  bad  conductor  of  heat,  is  unable  to  do 
this.  This  experiment  may  be  varied  by  using  a  number 
of  cylinders  of  different  substances  in  the  place  of  the 
wooden  one  and  comparing  the  effects  produced.  If  a 
piece  of  cardboard  be  used,  instead  of  paper,  it  will  be 
found  that  it  is  scorched  wherever  the  flame  comes  in 
contact  with  it,  the  reason  being  that  the  cardboard,  owing 
to  its  low  conductivity,  does  not  allow  the  heat  to  be  trans- 
mitted through  its  thickness  to  the  brass  and  wood  beneath, 
and  hence  their  presence  has  no  influence  on  the  result. 

Similarly,  if  a  copper  ball  be  wrapped  up  in  a  pocket- 
handkerchief  and  held  in  a  flame,  the  handkerchief  will  not 
be  scorched,  whereas,  if  the  ball  be  of  wood,  wool,  or  other 
substance  of  low  conductivity,  the  handkerchief  is  imme- 
diately scorched. 

The  difference  in  the  thermal  conductivity  of  different 
metals  may  be  readily  shown  by  taking  strips  of  silver, 
copper,  and  iron,  and  dipping  one  end  of  each  in  a  vessel  of 
boiling  water.  The  other  end  of  the  silver  strip  soon  becomes 
very  hot ;  the  copper  also  gets  hot,  but  not  to  the  same 
degree  as  the  silver,  while  the  iron  strip  becomes  heated  to 
a  much  less  extent  than  either  the  silver  or  the  copper. 

83.  The  stationary  and  variable  states.  Imagine  a 
bar  placed  with  one  end  in  the  fire,  and  let  us  consider 
what  takes  place  as  the  heat  is  transmitted  outwards  from 
the  fire,  along  its  length.  The  portion  in  the  fire  rapidly 
increases  in  temperature  and  finally  takes  the  temperature 
of  the  fire ;  meanwhile,  as  the  temperature  of  this  portion 
rises  the  transverse  layer  adjacent  to  it  receives  heat  by 
conduction,  absorbs  part  of  this  heat  to  increase  its  own 
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t ell iixuut lire,  loses  a  small  portion  by  radiation  fi-om  ittf 
surface  and  passes  on  the  rest  to  the  adjacent  layer  where 
the  pi-ocess  is  repeated.  When  this  has  gone  on  for  some 
time  a  stat^  will  ultimately  be  reached  when  each  layer 
attains  a  stationary  temperature  and  ceases  to  absorb  any 
of  the  heat  passed  on  to  it  by  the  adjacent  layer  nearer 
the  lire.  This  state  has  been  called  the  stationary  state, 
and  the  passage  of  heat  along  the  bar,  when  this  state  is 
attained,  depends,  for  given  conditions,  on  the  conductivity 
of  the  material  of  the  bar.  The  stage  previous  to  the  attain- 
ment of  this  stationary  or  permanent  state  is  known  as 
the  variable  state,  for,  while  it  lasts,  each  layer  absorbs 
some  portion  of  the  heat  it  receives,  and  is  consequently 
rising  in  temperature. 

84.  Definition  of  conductivity.  Conductivity  has  already 
been  defined  generally,  as  that  property  of  a  substance 
which  determines  the  facility  with  which  heat  passes 
through  it  by  direct  transmission  from  particle  to  particle. 
In  order  to  give  a  complete  and  accurate  definition  it  is, 
however,  necessary  to  state  how  conductivity  is  measured, 
and  to  do  this  we  have  to  consider  the  conduction  of  heat, 
during  the  stationary  state  across  a  portion  of  a  very  large 
plate  of  metal  or  any  other  substance,*  when  one  side  is  kept 
at  a  constant  temperature  T„  and  the  other  at  a  constant 
lower  temperature  T^.  It  can  be  sho\\Ti  that,  under  these 
circumstances,  the  flow  of  heat  (H)  across  the  plate  varies — 

1.  DirecU;/  with  the  area  (A)  of  the  portion  across  which 
the  flow  is  considered  to  take  place ;  that  is,  H  a  A.  For 
example,  the  flow  across  2  square  metres  is  double  that 
across  1  square  metre. 

2.  Directly  with  the  difiei^nce  of  temperature  between 
the  two  faces  of  the  plate ;  that  is,  H  a  (Tj  —  T,)  or 
\l  1x6.  For  example,  the  flow  for  100°  diflference  of  tem- 
pcratui-c  is  5  times  that  for  20°.  • 

*'^* *■  *'n  portion  ' —  •  i—  ,|  Bhould  l>e  wnall  comnarod 

^'  a  of  thf  i   ever}'  part  of  it  should  be 

*•"'  .  I  from  Xhv  <    .  iil.'itc  to  Ix!  uninniicurril  l»y 

the  loM  of  hvaX.  from  the»e  o<i^e$(. 
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3.  Directly  with  the  time  {t)  during  which  conduction 
goes  on ;  that  is,  H  a  <.  For  example,  the  flow  during  1 
minute  is  60  times  that  during  1  second. 

4.  Inversely  with  the  thickness  {x)  of  the  plate ;  that  is, 

Ha—      For  example,  the  flow  across  a  plate  2  cm.  thick 

X 

is  half  that  across  a  plate  1  cm.  thick. 

The  above  results  are  concisely  expressed  by  writing — 
„      A.dt 

s±  ex  . 

X 

Or— 

R  =  k  ±1^  (1) 

X 

where  A;  is  a  constant,  and  the  value  of  the  constant  for 
any  substance  is  taken  as  a  measure  of  the  conductivity  of 
that  substance.  If  we  consider  the  flow  of  heat,  in  unit 
time,  across  unit  area  of  a  plate  of  unit  thickness,  having 
unit  difference  of  temperature  between  its  opposite  faces, 
we  have — 

and  thus  we  may  define  the  conductivity  of  any  substance 
as  the  quantity  of  heat  Jloivimj,  in  unit  time,  through  unit 
area  of  a  -plate  of  that  substance,  of  unit  thickiiess  and 
having  unit  difference  of  temperature  between  its  faces.  It 
is  of  no  importance  what  units  are  chosen  to  express  the 
quantities  involved  in  the  above  definition,  so  long  as  they 
are  definitely  stated  and  consistent. 

Thus,  X  may  be  expressed  in  centimetres, 

A         „  „  square  centimetres, 

6  „  „  degrees  Centigrade, 

t  „  „  seconds, 

and  H         „  „  Centigrade  gram-degrees. 

Or— 

X  „  ,,  j^&t, 

A         „  „  square /ee^, 

6  „  „  degrees  Fahrenheit, 

t  „  „  minutes, 

H         „  „  Fahrenheit  lb.  deg: 
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It  will  be  seen  that  the  units  for  A  depend  on  those  chosen 
for  a*,  and  the  units  for  H  on  those  of  0. 

The  mast  convenient  system  of  units  to  employ  is  that 
known  as  the  C.  G.  S.  system,  which  involves  the  centimetre 
gram,  second,  and  degree  Centigrade. 

Fi-om  equation  (1)  above  we  have — 

A  =  J^.  (2) 

Adt  ^  ^ 

This  relation  gives  ue  the  mean  condtictivity  of  the  substance 
between  the  temi)eratures  Ti  and  Tg. 

Conductivity  as  defined  in  this  article  is  frequently  called 
absolute  conductivity. 

86.  Experiments  illustrative  of  conductivity.  The  fol- 
lowing experiments  illustrate,  in  a  general  way,  the  questions 
consideretl  above. 

1.  Two  bars  of  different  metjil,  but  of  the  same  size  and 
shape,  and  having  an  exactly  similar  surface,  are  placed, 
end  to  end,  as  shown  in  Fig,  52.     To  the  under  surfaces 


(>  o  (>  o  <>'%j;  (^  (io  (ri 


^3> 


FiK.  62. 

small  wooden  Iwills  are  attached,  by  wax,  at  equal  distances 
along  the  length  of  the  bars,  which  are  then  heated  at  their 
contiguous  ends.  As  the  heat  is  transmittt^d  along  their 
length,  the  wax  melts  and  the  balls  drop  off  in  succes8ion. 
N<»w  the  first  ball  will  drop  oft'  dii*e(;tly  the  tem|ierature 
of  the  point  at  which  it  is  attacheil  becomes  equal  to  the 
melting  point  of  wax,  and,  provided  the  distance  of  this 
jHiint  from  the  source  of  heat  be  not  too  great,  the  time 
re(|uired  for  this  to  take  place  depends  not  only  on  the 
conductivity,  but  also  on  the  specific  heat  of  the  material 
of    the  bar;   because,  the  lower  the  specific  heat  of   this 
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material,  the  greater  will  be  the  rise  of  temperatui-e  pro- 
duced in  a  given  mass  of  it  by  the  heat  supplied  in  a 
given  time.  For  this  reason  the  balls  may  begin  to  drop 
oft'  first  from  the  bar  which  has  the  lower  specific  heat, 
but  the  greatest  number  of  balls  will  ultimately  drop  off" 
from  the  bar  which  has  the  greater  conductivity ;  because, 
the  greater  the  flow  of  heat  along  the  bar,  the  further 
will  the  lise  of  temperature  necessary  to  melt  the  wax  be 
transmitted.  ( 

2.  If  we  take  two  small  cylinders,  of  equal  length,  one 
of  iron  and  the  other  of  bismuth,  and,  after  having  coated 
one  end  of  each  with  wax,  place  the  other  end  on  a  hot 
copper  plate,  it  will  be  found,  that  if  the  cylinder  be  not 
too  long,  and  the  temperature  of  the  plate  be  sufficiently 
high,  the  wax  on  the  upper  end  of  the  bismuth  melts  first, 
although  the  conductivity  of  iron  is  more  than  six  times 
that  of  bismuth. 

This  is  explained  by  the  fact  that  the  thermal  capacity 
of  the  bismuth  is  much  less  than  that  of  the  iron,  and  con- 
sequently it  requires  more  heat  to  raise  the  temperature 
of  the  iron,  through  a  given  range  of  temperature,  than  it 
does  to  raise  the  bismuth  through  the  same  range ;  honce, 
although  the  heat  transmitted  along  the  bismuth  is  less 
than  that  along  the  iron,  the  rise  of  temperature  produced 
in  the  former  is  greater.  When,  however,  the  permanent 
state  is  attained  a  greater  quantity  of  heat  will  be  trans- 
mitted through  the  iron  than  through  the  bismuth,  and  the 
temperature  of  the  upper  end  of  the  iron  cylinder  will 
ultimately  be  the  greater. 

3.  Ingenhousz's  apparatus  (Fig.  53).     This  consists  of 


Fipr.  53. 

a  box  into  which  rods  of  the  same  thickness,  but  of  different 
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metals,  ai*e  fixed,  as  shown  in  the  figure.  The  ends  of  the 
itxls  piss  into  the  box,  and  are  i-aised  to  a  high  constant 
ten)j)eratui*e  by  filling  the  box  with  hot  water  or  oil. 
The  portions  outside  the  lx)x  ai*e  coated  with  wax,  so 
that,  as  heat  is  transmitted  along  their  length,  the  wax 
gradually  melts.  When  the  permanent  state  is  attiiined 
the  relative  lengths  along  which  melting  takes  place 
depend  on  the  conductivities  of  the  metals  employed,  and 
it  can  be  shown  that  the  conductivities  are  in  the  ratio 
of  the  squares  of  the  lengths  along  which  the  wax  has 
been  melted.  Thus,  if  the  length  to  which  melting  has 
proceeded  on  A  is  twice  that  on  B,  then  the  conductivity 
of  A  is  four  times  that  of  B. 

88.  Experimental  determination  of  absolute  conduc- 
tivity. Theoretically  it  woidd  appear  that  the  simplest 
method  of  determining  absolute  conductivity  of  a  .substance 
would  be  to  determine  the  quantity  of  heat  transmitted 
through  a  plate  of  the  substance,  of  given  area  and  thick- 
ness, and  having  a  known  difference  of  temperature  between 
its  faces,  and  then  to  apply  the  formula  of  Art.  84. 

This  method  is  impracticable  for  two  reasons. 

(1)  It  Ls  difficult,  if  not  impossible,  to  maintain  the  two 
faces  at  constant  kiiown  temperatui'es. 

(2)  It  is  impos.sible  to  avoid  lateral  loss  of  heat  by  radia- 
tion and  convection  from  the  edges  of  the  plate. 

On  this  account,  the  most  usual  method  of  inve.stigating 
condiictivity  is  to  take  a  bar  of  the  substance,  the  conduc- 
tivity of  which  is  to  be  determined,  and,  keeping  one  end 
at  a  high  constant  temperj\ture,  to  note  the  temperature 
ji.ssumed  at  different  points  in  its  length  when  the  per- 
manent state  is  attained.  From  the  temperature  data  thus 
obtained,  combined  M-ith  an  experimental  determination 
of  the  ]o68  of  heat  by  radiation  and  convection  from  the 
surface  of  the  bar,  the  absolute  conductivity  of  the  sub- 
stance can  be  calculated.* 


•  8ec  "  Text  Book  of  Heat,"  Artn.  87,  88. 
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89.  Relative  conductivity.  The  method  described  in 
the  preceding  article  may  be,  and  has  been,  employed  for 
tletermining  the  relative  conductivities  of  different  metals. 
The  method  of  reducing  the  observations  is  beyond  the  scope 
of  this  work.  Rough  determinations  of  relative  conductivity 
may  be  made  by  the  method  illustrated  by  Ingenhousz's 
appai-atus.  In  all  such  methods,  however,  two  things  must 
be  carefully  attended  to. 

(1)  The  observations  must  be  made  during  the  permanent 
state.     [Cp.  Art.  86,  (1)  and  (2).] 

(2)  The  surface  of  the  bars  must  be  of  the  same  extent 
and  nature. 

This  last  condition  is  of  equal  importance  with  the  first, 
for  the  fall  of  temperature  along  a  bar  evidently  depends  on 
the  rate  of  loss  of  heat  from  its  surface ;  and  this  depends 
on  the  nature  and  extent  of  that  surface.  Wiedemann  and 
Franz,  in  their  experiments  on  relative  conductivity,  by  the 
method  of  the  preceding  article,  employed  thin  rods  of  the 
same  size  and  shape,  and  electro -plated  their  surfaces  to 
ensure  exact  similarity  in  their  nature. 


Table  of  Conductivities. 

> 

Substances. 

Relative 
Conductivity. 

Absolute 
Conductivity 

k 
C.G.S.  units. 

DiflFusivity 
C.G.S.  units. 

Silver . 

^r    :    : 

Brass  . 

Zinc    . 

Tin      . 

Iron    . 

Steel    . 

Lead  . 

Platinum    . 

German  silver     . 

Palladium  . 

Bismuth 

Ice      . 

Roll  Sulphur      . 

Coal    . 

100^0 

73-6 

53-2 

23-6 

190 

14-5 

11-9 

11-6 

8-5 

8-4 

8-0 

6-3 

1-8 

•38 

•04 

•02 

1-527 

1-000 
-723 
-321 
•258 
•197 
-164 
•158 
•115 
•114 
•109 
-086 
•024 
•0052 
-000(5 
•0003 

2-580 
1-183 
1-156 
-407 
•382 
•482 
•187 
•181 
•328 
•132 
•128 
•126 
-079 
•0114 
•0014 
•0012 
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90.  Conductivity  of  liquids.  The  determination  of  the 
conductivity  of  tluiils  is  verv  difficult  for  thi'ee  rea.son.s. 

1.  Convection  currents  have  to  be  avoided. 

2.  From  their  nature,  fluids  have  to  be  enclased  in  vessels, 
and  the  conduction  by  the  walls  of  the  vessel  interferes  with 
the  result. 

3.  Their  conductivity  is  very  low. 

All  liquids,  except  mercury  and  other  liquid  metals,  have 
very  low  conductivities.  The  transmission  of  heiit  through 
the  subst^ince  of  a  liquid  is  mainly  due  to  convection,  and 
if  the  circumstances  of  heating  are  such  as  to  prevent  the 
formation  of  convection  currents,  heat  is  transmitted  only 
very  slowly  through  the  liquid;  thus,  if  a  piece  of  ice  bo 
placed  in  a  test  tube  and  water  poured  on  so  as  to  nearly 
till  the  tube,  the  water  in  the  upper  pait  of  the  tube  may  he 
boiled  without  affecting  the  ice  at  the  bottom,  thus  showing 
that  little,  if  any,  heat  is  conducted  down  through  the  water 
in  the  tube. 

92.  The  Davy  lamp.  When  we  apply  the  flame  of  a 
lightcil  match  to  gas  issuing  from  a  jet,  the  temperature  of 
the  gas  is  raised  above  its  teviperature  of  ignition,  and  com- 
bustion commences,  and  continues  so  long  as  a  supply  of 
oxygen  is  obtainable  and  the  temperature  remains  above 
the  ignition  temperature  of  the  gas. 

If  a  piece  of  good  conducting  material  be  placed  in  a 
flame,  it  may  conduct  the  heat  away  so  rapidly,  that  the 
temperature  falls  below  the  temperature  of  ignition  and 
combustion  ceiise^s.  This  effect  may  he  shown  by  holding 
a  coil  of  copper  wire  in  a  small  gas  flame  ;  the  wire  rapidly 
conducts  away  the  heat,  and  the  flame  is  soon  extinguished. 
The  action  of  wire  gauze  on  a  flame  is  explaine<l  in  the 
same  way.  If  the  gauze  is  lowere<l  oi\  to  the  flame  it  seems 
to  crush  it  down  ;  but  it  is,  in  reality,  gradually  extinguish- 
ing it.  The  process  of  combustion  ceases  wherever  the 
gauze  is  in  contact  with  the  flame,  l>ecjiuse  the  former 
conducts  the  heat  away  sufficiently  rapidly  to  lower  the 
tempeniture  below  that  at  which  combustion  takes  place. 
Similarly,  if  the  gas  be  lightetl  alwve  the  gauze,  the  flamo 
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appears  only  above  tlie  gauze,  for  the  fall  of  temperature 
pi-oduced  by  the  latter  in  its  immediate  neighbourhood, 
prevents  the  fiamo  from  passing  through.  This  principle 
has  been  utilised  in  the  Davy  lamp ;  the  flame  is  surrounded 
by  wire  gauze,  so  that,  when  placed  in  a  combustible  or 
explosive  atmosphere,  the  gases  penetrating  into  the  flame, 
burn  inside  the  gauze,  and  thus  indicate  the  dangerous 
nature  of  the  atmosphere ;  but,  as  the  flame  cannot  pass 
through  the  gauze,  the  explosion  that  would  be  produced 
by  a  naked  light  is  averted.  It  has  been  shown,  in  recent 
years,  that  the  Davy  lamp  is  not  in  all  cases  an  efficient 
protection  against  explosions  in  mines. 

Convection. 

93.  We  have  already  explained  the  nature  of  this  mode 
of  transmission  of  heat,  and  shall  now  briefly  consider  some 
illustrations  of  its  action. 

If  a  gas  flame,  or  other  heated  body,  be  placed  in  the 
middle  of  a  room  containing  air  at  a  uniform  temperature, 
convection  currents  are  at  once  set  up  ;  the  air  in  the 
neighbourhood  of  the  flame  ascends,  and  is  replaced  by  that 
supplied  by  downward  currents  near  the  walls  of  the  room. 
The  existence  of  these  currents  is  readily  shown  by  holding 
a  piece  of  smoking  paper  in  different  parts  of  the  room, 
which  should,  however,  be  free  from  external  draughts. 
The  direction  taken  by  the  smoke  indicates  the  direction 
of  the  convection  currents. 

All  systems  of  ventilation  are  merely  methods  for  esta- 
blishing convection  currents  between  the  outside  air  and 
the  air  in  the  room  to  be  ventilated,  in  such  a  way  as 
to  promote  free  circulation  of  the  air,  without  creating 
draughts.  The  draught  in  a  chimney  is  also  an  instance 
of  convection ;  the  heated  air  ascends,  and  is  replaced  by 
colder  air  from  the  room,  and  thus  a  fire  in  a  room  to 
which  the  outer  air  has  some  means  of  access  is  an  effective 
means  of  ventilation. 

The  familiar  phenomena  of  winds  are  good  examples  of 
convection  currents,  set  up  in  the  atmosphere  by  unequal 
heating.     As  examples  we  may  consider  : 
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1.  The  trade  winds.  The  surface  of  the  eiii-th  within 
the  tropics  becomes  greatly  he<ited  by  the  sun,  and  this 
heat  is  communicated  to  the  air  in  contact  with  the  earth, 
causing  it  to  ascend.  To  replace  this  air,  a  current  of 
colder  air  sets  in  from  the  polar  and  temperate  regions, 
thus  tending  to  produce  a  north  wind  in  the  northern 
hemisphere  and  a  south  \vind  in  the  southern  hemisphere. 
To  determine  the  actual  direction  of  tlie  wind  it  is,  how- 
ever, necessary  to  consider  the  rotation  of  the  earth  from 
west  to  east.  A  point  on  the  surface  of  the  earth  near  the 
equator  has  a  velocity,  from  wevst  to  east,  of  more  than  a 
thousand  miles  per  hour ;  but  this  velocity  decreases  as  we 
approach  the  poles,  where  it  becomes  zero.  Hence,  if  a 
mafis  of  air  start  from  a  place  having  a  velocity,  from  west 
to  east,  of  eight  hundred  miles  per  hour,  and  flow  towards 
the  equator,  its  velocity  relative  to  the  surface  of  the  earth 
will  gradually  tend  towards  the  west,  until  on  reaching 
the  equator  it  will  have  a  relative  velocity  of  more  than 
two  hundred  miles  per  hour  from  east  to  icest. 

Hence,  if,  at  any  point  on  the  borders  of  the  temperate 
and  tropical  zones  in  the  northern  hemisphere,  N  8  (Fig. 
57)  repi-esents  the  velocity  of  the  current 
of  air  towards  the  equator,  and  N  W  re- 
presents its  relative  velocity  towards  the 
west,  then  N  A  represents  in  magnitude 
and  direction  the  actual  velocity  of  the 
wind  relative  to  the  surface  of  the  earth. 
Similarly  8'  A'  represents  the  magnitude 
and  direction  of  the  wind  in  the  southern 
hemisphere.  Thus,  a  north-east  wind*  is 
produced  in  the  northern  hemisphere,  and  ^^r-»- 
a  south-east  wind  in  the  southern  hemi-  pjg.  57. 

sphere.  These  winds  are  known  as  the 
trade  winds.  Corresponding  to  these  lower  currents  there 
are  upjKr  ones,  known  as  the  return  trades,  flowing  in 
the  northern  heinisphero  from  the  south-west,  and  in  the 
southern  hemisphere  from  the  north-west.     The  existence 

•  A  noiih-cA»t  wind  is  a  wind/nwi  the  north-eftst 
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and  direction  of  these  upper  currents  has  been  demonstrated 
by  the  direction  in  wliich  volcanic  dust  has  been  carried 
from  the  tropics. 

2.  Land  and  sea  breezes.  Land  absorbs  radiant  heat 
more  rapidly  than  water,  and,  owing  to  its  smaller  specific 
heat,  is  raised  to  a  higher  temperature  by  the  heat  thus 
absorbed.  For  the  same  reason  land  loses  heat  more 
rapidly  than  water.  Moreover,  evaporation  takes  place 
from  the  surface  of  the  water,  and  this  tends  to  keep  it 
cool  (Art.  67).  Hence,  during  the  day  the  land  gets  heated 
by  solar  radiation  to  a  greater  degree  than  the  sea,  and  the 
air  in  contact  with  it  also  gets  heated,  expands,  and,  rising, 
is  replaced  by  the  cooler  air  over  the  sea,  thus  causing  a 
sea  breeze.  After  sunset,  however,  the  land  cools  more 
rapidly  than  the  sea,  and  ultimately  the  air  over  the  land 
becomes  colder  than  that  over  the  sea  ;  the  direction  of  the 
current  of  air  is  then  reversed,  and  during  the  night  a  land 
breeze  prevails. 

A  large  number  of  ocean  currents  are  surface  currents, 
due  to  the  action  of  prevailing  winds ;  but  some  are  due  to 
convection.  Thus  the  cold  in  the  Arctic  regions  causes 
water  to  sink  and  flow  towards  the  equator  as  a  deep 
current,  while  the  surface  water  at  the  equator  flows 
towards  the  poles,  to  replace  the  water  carried  away  by 
this  under  current. 

Convection  in  fluids  counterbalances,  in  a  great  measure, 
their  low  conductivity.  Thus,  water  may  be  boiled  in  a 
paper  vessel,  because  the  heat  is  carried  away  from  the 
paper,  by  convection,  sufiiciently  rapidly  to  prevent  the 
latter  being  scorched  (Art.  82).  Similarly,  in  a  mass  of 
gas,  uniformity  of  temperature  is  established  by  convection 
more  rapidly  than  in  a  mass  of  good  conducting  material 
by  conduction  (Art.  43,  6). 

Another  application  of  convection  currents  is  found  in 
the  system  of  heating  buildings  by  hot-water  pipes.  The 
water  in  the  boiler,  which  is  placed  at  the  lowest  available 
position,  is  heated  directly  by  the  fire  and  rises  through 
the  outflow  pipe,  which  should  emerge  from  the  boiler  at 
its  highest  point,  and,  circulating  round  the  network  of 
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pipes,  i*eturn  by  the  return  pipe  whicli  enters  the  boiler 
at  its  lowest  {X)iiit.  The  rapidity  of  the  circulation  depends 
on  the  ditlerence  between  the  average  densities  of  the  water 
in  the  outflow  pipe,  from  the  boiler  to  the  highest  point 
reached,  and  that  in  the  return  pipes  from  the  highest  point 
to  the  boiler.  This  difference  of  density  itself  depends  on 
the  difference  of  temperature,  which  should  therefore  be  as 
great  as  passible,  and  for  this  reason  the  outflow  pipe  should 
pass  vertically  upwards  as  far  as  possible,  so  as  to  have 
a  long  vertical  column  of  water  at  the  highest  possible 
temperatura 

The  transmission  of  heat  by  this  system  of  hot-water 
pipes  from  the  boiler  furnace  to  a  person  feeling  the  warmth 
is  a  good  example  of  the  different  methods  of  transmission 
of  heat.  The  heat  passes  from  the  furnace  to  the  water  in 
the  boiler  by  coiuluction  through  the  boiler  plates.  It  is 
transmitted  through  the  mass  of  the  water  by  convection^ 
passes  through  the  pij)es  to  the  air  in  the  room  by  coyuluction, 
and  this  ah',  lieated  by  convection,  in  its  turn  warms  any 
pei"son  whom  it  surrounds.  Heat  is  also  riKliated  from  the 
pi|)es  to  the  different  pereons  and  objects  in  the  room. 
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96.  In  connection  with  the  subject  matter  of  the  prcccdinf?  pj^sss, 
it  will  be  useful  to  summarise  the  following  points  involving  quanti- 
tative rel.ations  : — 

1.  Absolute  conductivity.  In  Art.  84,  we  have  the  important 
relation  expressed  by — 

Also,  deduced  from  this,  we  have — 

k-  —  (2) 

[Of  these  (1)  only  should  be  learnt ;  from  it,  (2)  can  be  obtained 
when  required.] 

Examples  XI. 

RrftrcnccMkonld  he  made  where  iwcessanj  to  the  table  of  con- 
ductiritien  on  page  152. 

1.  Find  the  quantity  of  heat  that  will  be  transmitted,  in  1  hour, 
across  a  plate  of  copper  1  sq,  metre  in  area  and  5  cm.  thick,  the 
difference  between  the  temperatures  of  its  faces  being  10°  C. 

From  (1)  above  we  have — 

X 

Adopting  the  C.  G.  S.  system  of  units,  we  have — 
n  =  1  (see  table,  p.  152), 
A  =  1  sq.  metre  =  10000  sq.  cm., 
e  =  10°  C, 

t  =  1  hour  =  3600  seconds, 
a;  =  5  cm. 

„       10000  X  10  X  3600 
.-.   H=  g 

=  72000000  gram-degrees. 

2.  It  is  found  that  9162000  gram-degrees  of  heat  are  transmitted, 
per  minute,  across  a  sheet  of  silver,  100  sq.  cm.  in  area  and  1  mm. 
thick,  with  a  difference  between  the  temperatures  of  its  faces  of 
100"  C.     Find,  in  C.  G.  S.  units,  the  absolute  conductivity  of  silver. 
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From  (1)  above  we  have — 


and  therefore — 


Here — 


X 


k-   ^ 


H  =  9162000  gram^egrces, 

X  =  0*1  era., 
A  =  100  sq.  era., 

e  =  100**  C, 

t  =  GO  seconds. 


Sabstitutmg,  we  get — 

9162000  X  0-1 


100  X  100  X  60 


1-527. 


5.  Peclet  has  stated  that  the  quantity  of  heat  which  passes,  in 
an  hour,  through  a  plate  of  lead  1  sq.  metre  in  area  and  1  cm. 
thick,  with  a  difference  of  1°  C.  between  the  temperature  of  its 
surfaces,  is  1383  kilogram -degrees.  What  value  does  this  give  for  the 
absolute  conductivity  of  lead  in  the  C.  G.  S.  system  ? 

6.  The  absolute  conductivity  of  copper  in  the  C.  G.  S.  units  is  1  ; 
how  many  heat-units  will  pass,  per  minute,  across  a  plate  of  copper, 
1  metre  long,  1  metre  broa<l,  and  5  em.  thick,  when  its  opposite  faces 
are  kept  at  temperatures  differing  by  100°  C.  ? 

7.  The  thermal  conductivity  of  felt,  in  C.  G.  8.  units,  is  0-0()0()87  ; 
find  the  quantity  of  heat  that  is  transmitted,  in  one  hour,  through 
a  layer  of  felt  1  cm.  in  thickness  and  20  sq.  cm.  in  area,  when  its 
opposite  faces  are  kept  at  temperatures  differing  by  20°  C. 

9.  A  square  metre  of  a  substance,  1  cm.  thick,  has  one  side  kept  at 
100^  C,  and  the  other,  by  means  of  ice,  at  (fC.  Jn  the  course  of 
10  minutes  one  kilogram  of  ice  is  melte<l  by  this  operation.  Cal- 
culate the  conductivity  of  the  substance,  assuming  the  latent  heat  of 
M'ater  to  be  80. 
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EXAMINATION  QUESTIONS. 
Questions  set  at  London  University  Examinations. 

Matriculation. 

1.  A  source  of  heat  is  applied  equally  to  the  extremities  of  two 
similar  bai*s,  one  of  copper  and  one  of  iron  ;  and  on  each  bar  there 
is  a  piece  of  phosphorus  two  inches  from  the  source  of  heat.  That 
on  the  copper  takes  fire  first.  Does  this  exjieriment  entitle  us  to 
conclude  that  cojiper  has  greater  thermal  conductivity  than  iron  ?  If 
not,  explain  in  what  respects  it  is  deficient  as  a  proof,     e/an.,  1877. 

2.  How  would  you  compare  the  thermal  conductivities  of  brass  and 
copper  1  Two  equal  cylinders,  one  of  iron  and  the  other  of  bismuth, 
ai'e  covered  with  wax  and  simultaneously  placed  on  end  on  a  hot 
metal  plate.  At  first  the  melting  of  the  wax  advances  more  rapidly 
on  the  bismuth  bar  ;  but  after  it  has  melted  about  an  inch  up  both 
cylindere,  the  melting  advances  the  more  rapidly  on  the  iron  bar. 
Account  for  these  phenomena.  June,  1880. 

3.  Define  latent  heat,  specific  heat,  capacity  for  heat,  coefl&cient 
of  cubic  expansion,  and  thermal  conductivity.  How  would  you 
determine  the  capacity  for  heat  of  a  copper  vessel?         Jan.,  1881. 

4.  Define  the  dew-point. 

A  cylinder  which  we  may  suppose  impervious  to  heat  is  closed  by 
a  piston,  and  contains  steam,  with  a  little  water,  at  100°  C.  The 
piston  is  suddenly  depressed  so  as  to  compress  the  steam.  State  fully 
what  happens.  Jan.^  1882. 

5.  Describe  an  experiment  which  shows  that  water  is  a  very  bad 
conductor  of  heat.  June,  1 882. 

6.  What  are  the  laws  of  pressure  in  a  mixture  of  gases  and  vapours  ? 
Explain  the  principle  of,  and  describe  the  method  of  using,  the  wet 
and  dry-bulb  hygrometer.  Jan.,  1883. 

7.  Describe  and  explain  the  method  of  using  some  .form  of  dew- 
point  hygrometer,  and  show  how  to  determine  the  humidity  of  the 
air  by  means  of  it.  June,  1883. 

8.  Explain  the  expression  "tension  of  aqueous  vapour."  How  is 
the  pressure  of  the  aqueous  vapour  in  the  atmosphere  connected  with 
the  dew-point?  Describe  some  method  of  determining  the  dew- 
point.  Ja7i.,  1884. 

9.  A  building  is  heated  by  hot-water  pipes.  How  does  the  heat 
get  from  the  furnace  of  the  boiler  to  a  person  in  the  building  ?  What 
would  be  the  effects  on  the  temperature  of  the  more  distant  parts  of 
the  building  of  coating  the  pipes  near  the  boiler  (a)  with  woollen 
felt,  (Jb)  with  dull  black  lead  ?  June,  1887. 
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CHAPTER   J. 
INTRODUCTORY, 


1.  Light  is  the  external  physical  cause  of  the  seusiitiou 
called  sight. 

There  is  strong  evidence  in  favour  of  supposing  this 
external  cause  to  consist  of  vibratory  motion  of  the  ether ; 
but,  whatever  may  be  the  nature  of  light,  there  ai-e  some 
fundamental  properties,  established  by  experiment,  which 
may  be  studied  quite  independently  of  any  hypothesis  on 
this  point. 

In  the  pages  that  follow  we  propose  to  study  in  this  way 
a  few  of  the  more  important  of  these  fundamental  properties  ; 
but,  as  the  undulatory  theory  is  now  so  completely  established, 
reference  will  bo  made  to  it  whenever  it  seems  advisable. 

2.  Preliminary  definitions.  Bodies  which  are  of  tliem- 
selves  capable  of  exciting  the  sensation  of  sight  are  termed 
aelf-lumiiwus ;  bodies  which,  in  themselves,  are  not  luminouti 
become  so  in  the  presence  of  a  self-luminous  body. 

Any  space  through  which  light  can  jmss,  whether  it  be 
occupieil  by  matter  or  not,  is  termed  a  vialium. 

A  himiogeneous  medium  is  one  that  is  uniform  throughout 
in  structure  and  j)roperties.  Media  are  described  with 
reference  to  the  facility  with  which  light  passes  through 
them,  as  being  more  or  less  tninspai-ont.  A  transpartiU 
medium  transmits  the  light  incident  upon  it ;  but  when  light 
travels  through   any  medium  a  certain  proportion   of  it, 
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tlepeiuling  in  amount  on  the  nature  and  thickness  of  the 
medium,  ia  absorbed ;  hence  no  medium  is  perfectly  trans- 
parent. Bodies  which  do  not  transmit  light  are  said  to 
be  opaque.  The  terms  transparent  and  opaque  refer  to  a 
diflerence  in  degree  more  than  in  kind ;  probably  all  sub- 
stances transmit  light  if  sufficiently  thin  layers  are  considered. 
For  this  reason  it  is  perhaps  more  correct  to  speak  of 
transparent  and  opaque  bodies  than  to  apply  these  terms  to 
substances.  We  shall  often  find  it  necessary  to  consider  the 
light  travelUng  along  a  particular  line.  For  this  purpose  a 
rai/  of  light  is  defined  as  the  portion  of  light  enclosed  by 
a  hollow  cone  of  infinitely  small  angle,  whose  axis  is  the 
particular  line  considered. 

A  pencil  of  light  is  a  collection  of  adjacent  rays,  and  may 

be  divergent,  conver- 
gent, or  ^;a?*a^^e^  — 
that  is,  the  com- 
ponent rays  may 
diverge  from,  or  con- 
verge to  a  pointy  or 
run  parallel  (Fig.  1, 
a,  b,c).  A  convergent 
or  divergent  pencil 
has  the  form  of  a 
cone  of  small,  but 
finite  angle,  while  a 
parallel  pencil  is  en- 
closed by  a  cylinder 
of  small  cross  sec- 
tion. The  axis  of  a  pencil,  FX  (Fig.  1),  is  the  central  ray 
passing  along  the  geometrical  axis  of  the  figure  of  the  pencil, 
and  the  point,  F,  from  or  to  which  the  rays  of  a  pencil 
diverge  or  converge  is  called  its  focus.  The  focus  of  a 
parallel  pencil  is  at  infinity.  Light  made  up  of  divergent, 
convergent,  or  parallel  pencils  is  said  to  be  divergent,  con- 
vergent, or  parallel ;  when  light  comes  from  a  very  distant 
source — for  instance,  from  the  sun,  moon,  stars,  etc. — it  is  con- 
sidered to  be  parallel,  although,  strictly  speaking,  it  is  very 
slightly  divergent. 


Fig.  1. 
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RECTILINEAR    PROPAGATION    OF    LIGHT. 


>C 


3.  Light  travels  in  straight  lines  through  the  same 
homogeneous  medium.  Many  familiar  phenomena  point 
to  the  fact  that  liglit  travels  through  the  same  homogeneous 
medium  in  straight  lines.  If  two  screens  be  each  pierced 
with  a  small  hole  and  then  held  one  in  front  of  the  other, 
in  such  a  position  (Fig.  2)  that  the  two  holes  and  a  candle 
flame  are  in  the  same 
straight  line,  a  ray  of 
light  can  pass  from  the 
candle  thix)ugh  the  holes 
to  an  eye  placed  in  the  ^j 
same  straight  line  be-  r 
hind  the  screens;  but, 
if  either  of  the  screens  ' 
be  but  slightly  displaced 
in  its  own  plane,  the 
candle  becomes  invisible. 
Simttftrly,  if  a  scale  be  laid  on  the  bottom  of  a  vessel, 
and  looked  at  over  the  edge  of  the  vessel,  in  the  way 
indicated  in  Fig.  3,  it  will  be  found  that  the  line  E  A  S 
is  a  straight  line.  In  both  these  experiments  the  same 
medium  (air)  extends  between  the  eye  and  the  object  seen  ; 
but  if,  in  the  latter  example,  water  be  inured  into  the 
vessel,  it  will  be  found  that  a  point,  S',  on  the  scale  can 
be  se*»n,  and  that  E  A  O  S'  is  not  a  stiwght  line. 
Hence,  when  light  passes  from  one  medium  to  another, 
it  is  in  general  l)ent  out  of  its  dii'ect  rectilinear  path ; 
and,  from  what  has  been  said,  it  is  evident  that  the 
bending  must  take  place  at  the  surface  of  separation  of 
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the  two  media.  When,  however,  a  ray  of  light  travels 
thixjugh  a  non-homogeneous  medium,  it  may  s\ifi*er  gradual 
and  continuous  change  of  direction,  if  the  change  in  the 
properties  of  the  medium  along  its  path  are  also  gradual 
and  continuous ;  it  is  only  on  passing  from  one  homogeneous 
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medium  to  another  that  sudden  change  of  direction  takes 
place.  The  magnitude  and  direction  of  this  change  depend 
on  conditions  which  we  shall  consider  more  fully  in  the 
chapters  on  Refraction  and  Dispersion. 

It  should  be  noticed  in  connection  with  this  point  that 
the  eye  takes  no  cognizance  of  change  of  direction  in  a 

ray  of  light ;  every  object  is 
seen  in  the  direction  taken 
by  the  axis  of  the  pencil  of 
light  which  enters  the  eye. 
For  example,  if  light,  start- 
ing from  O  (Fig.  4),  be  bent, 
as  indicated  in  figure,  then 
0  appears  to  the  eye  to  be  at 
0'.  The  point  0'  is  the  vir- 
tual  foaubs  of  the  pencil  enter- 
ing the  eye,  called  virtual^  because  its  rays  do  not  really 
diverge  from  0',  but  appear  to  do  so. 

4  The  pinhole  camera.  If  a  sheet  of  cardboard,  pierced, 
at  its  centre,  with  a  large  pinhole,  be  placed  between  a 
cardie  and  a  thin  paper  screen,  shaded  from  external  light, 
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a  more  or  less  distinct  representation  of  the  candle  flame 
will  be  seen,  in  an  inverted  position,  on  the  screen  (Fig.  5). 
If  the  cardboard  form  the 
front,  and  the  screen  the 
back  of  a  closed  box,  the 
representation  can  be  seen 
very  distinctly  from  be- 
hind, through  the  paper 
(or  ground  glass)  screen. 
The  explanation  of  this  is 
simple.  Let  A  B  (Fig.  6) 
represent  the  candle  flame  ^'^-  ^• 

or  other  brightly  illuminated  object,  O  the  hole  in  the  card- 
board, and  S  S  the  screen.     From  every  point  on  A  B  rays 
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are  given  off"  in  all  directions,  and  consequently  from  every 
point  of  A  B  a  small  pencil  of  rays  passes  through  0,  and 
forms  a  small  circular  or  elliptical  spot  on  the  screen.  The 
result  of  this  is  that  we  have  on  the  screen  an  assemblage 
of  nearly  circular  spots,  which,  owing  to  the  crossing  of  the 
rays  at  O,  define  an  imrrtefl  representation  of  the  object  A  B. 
If  these  spots  are  large  they  overlap  one  anotlier,  and  the 
reprasentation  is  blurred  and  indistinct ;  hence,  in  onler  to 
obtain  a  well-defined  picture  of  A  B  on  the  screen,  the  aper- 
tures at  O  mu.st  be  very  small,  for,  it  is  evident,  that  the 
size  of  the  spot  on  the  screen  depends,  for  given  |M).sitions 
of  A  B  and  S  S,  upon  the  size  of  aperture. 
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5.  Shadows.  Tlie  formation  of  shadows  is  a  direct  con- 
sequence of  the  i*ectilinear  propagation  of  light.  If  an 
opaque  body  (B)  be  placed  so  as  to  intercept  a  portion  of 
the  light  emitted  by  a  luminous  point  (L),  the  cone  of  light 
incident  on  the  surface  of  the  body  is  stopped,  and  the 
space  beyond,  enclosed  by  the  geometrical  continuation  of 
this  cone,  is  screened   from   the   rays  diverging   from    L. 


Fifr.  7. 

The  cone  here  considered  (L  C  C)  is  called  the  shadow  cone^ 
and  its  trace  (^S  S  S  S)  on  any  surface  intersecting  it  beyond 
B,  outlines  the  shadow  cast  on  this  surface.  When,  however, 
the  source  of  light  is  not  a  luminous  point,  but  a  luminous 
body,  the  case  is  somewhat  more  complicated.  Let  SS' 
(Fig.  8,  a)  represent  a  spherical  source  of  light,  and  O  0'  an 


Fig.  8,  a. 

opaque  sphere  placed  near  it.  Consider  the  cone  S  S'  uu 
which  touches  S  S'  and  0  O'  externally ;  it  is  evident  from  the 
figure  that  no  light  from  S  S'  falls  within  the  portion  of 
this  cone  lying  beyond  0  0';  and  for  this  reason  it  has  been 
called  the  cone  of  total  ahadov),  or  the  cone  of  the  umbra ; 
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and  the  portion  of  it,  just  referred  to  as  being  completely 
screened    from   the   light,  is   called   the  umbra.     Consider 
again  the  double  cone  SS'A  pp^  touching  SS'  and  00' 
internally,  and  having 
its  apex  at  A.     This  is 
the  cone  of  partial  sha- 

dotOj  or  the  cone  of  the  ^  - 

penumbra,  and  the  por-   f   \     )""""""'^><-^'''^(         ) 
tion  of  it  beyond  O  O',   V  j  J^^'^'^^^  J 


Fig.  8,  b. 

can  be  seen,  and  for  this 
The  depth  of  shadow  at 


and  surrounding  the 
umbra,  is  known  as  the 
penumbra.  From  any 
point  in  the  cone,  not 
within  the  total  shadow, 
a  portion  of  the  source  of  light 
reason  the  shadow  is  only  partial. 

any  point  depends  on  the  extent  of  the  source  invisible 
from  that  point ;  to  an  eye  placed  at  e  all  below  e  r  is  in- 
visible, while  all  above  is  visible  ;  hence,  at  points  near  the 
outer  boundai-y  of  the  penumbral  cone,  the  shadow  is  very 
light,  but  gradually  deepens  as  we  approach  the  outer  boun- 
dary of  the  umbral  cone. 

The  penumbral  cone  always  has  the  form  of  a  cone 
diverging  from  a  point  (A)  lying  between  S  S'  and  O  O', 
but  the  form  of  the  umbral  cone  depends  on  the  relative 
size  of    the   source  of  light  and  the  opaque  body ;    when 

the  latter  is  the  greater,  the 
cone  diverges  from  a  point 
behind  tlie  former  (Fig.  8,  o), 
when  equal  it  takes  the  form 
of  a  cylinder  (Fig.  8,  6),  and 
when  smaller  the  cone  con- 
verges to  a  point  beyond  the 
opaque  body  (Fig.  8,  c).  If 
the  shadow  of  the  opaque 
botly  be  cast  upon  a  suitably 
placed  screen  (Fig.  8,  a'), 
it  will  be  found  to  consist  of  a  central  region  of  total 
Hhadow,  the  innbra,  surrounde*!  by  a  aone  of  partial  sliadow, 
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the  penumbra.  The  former  is  of  uniform  depth  all  over, 
but  the  latter  passes  gradually  from  the  total  shadow  of 
the  umbra  to  a  complete  absence  of  shadow  at  its  outer 
boundary,  and  consequently  neither  its  outer  nor  its  inner 
edge  is  sharply  defined.  The  relative  size  of  the  umbra  and 
penumbra  in  any  particular  case  depends  upon  the  conditions 
ilhistrated  in  Fig.  8,  and  upon  the  position  of  the  screen. 
The  reader  will  find  it  instructive  to  draw  diagrams  for  a 
number  of  different  cases. 
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6.  Light  as  a  measurable  quantity.  Light,  like  radiant 
heat,  is  undoubtedly  a  form  of  energy,  and,  as  such,  is 
capable  of  measurement.  The  quantity  of  light  in  any 
space  at  any  instant  is  measured  by  the  corresponding 
amount  of  energy  in  that  space  at  the  instant  considered, 
and  the  physical  intensity  of  the  light  is  measured  by  the 
energy  transmitted  through  that  space  in  unit  time.  This 
measurement  cannot  be  made  directly ;  but,  for  light  of  a 
given  colour,  the  intensity  is  proportional  to  the  brightness 
as  perceived  by  the  eye,  and  also  to  its  heating  effect. 
ITiere  are  thus  two  methods  of  measuring  the  intensity  of 
light — the  photometric  and  the  calorimetric. 

In  this  chapter  we  shall  consider  the  photometric  method 
only. 

8.  Intensity  of  illumination  of  a  surface  at  a 
point.  I^t  7  denote  the  quantity  of  light  incident  on  a 
small  element  of  a  surface  of  area  «,  then  the  limit  of  the 

ratio      ,  when  «,  and  therefore  q,  are  indefinitely  diminished 

gives  the  intensity  of  illumination  of  the  surface  at  the 

point  at  which  8  vanishes.     If  1  is  constant  for  all  points, 

then  the  surface  is  said  to  l)e  unifomdtj  illuminated  ;  and  if 
Q  «1<  note  the  quantity  of  light  incident  uixm  a  portion  of 

the  8U1  face  of  area  8,  then  ^  doterminefl  the  intensity  ef 

thi8  uniform  illumination. 
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9.  Law  of  inverse  squares.     Let  P  (Fig.  9)  represent  a 

luminous  point,  and  let  us 
conceive  this  point  to  be 
surrounded  by  a  sphere 
Si  Si  Si  of  radius,  E-i,  having 
its  centre  at  P.  Then  the 
inner  surface  of  this  sphere 
will  be  uniformly  illuminated, 
and  the  intensity  of  illumi- 
nation, Ii,  is  given  by — 

I  _     Q     * 


where  Q    denotes    the   total 
quantity  of  light  emitted  by 
Pig.  9.  P.       Similarly,    if  we   consi- 

der the  sphere  Sg  Sg  Sg,  the 
intensity  of  illumination  of  its  inner  surface  is  given  by — 

T  _      Q 


Hence  we  have — 


Q 


la      47rRiV       ^tt  I 

That  is,  the  intensity  of  illumination^  of  any  uniformly 
illuminated  surface,  is  inversely  proportional  to  the  square 
of  its  distance  from  the  source  of  light ;  or,  in  more  general 
terms,  the  intensity  of  illumination,  at  any  point  of  a 
surface,  is  inversely  proportional  to  the  square  of  the 
distance  of  that  point  from  the  source  of  light.f 

It  follows  from  this  that  if  Ii  denote  the  intensity  of 
illumination  of  a  surface  at  unit  distance  from  the  source 
of  light,  then  the  intensity  of  illumination  on  a  similarly 
placed  surface  at  a  distance,  E,  is  given  by — 


I=i,for,I  = 


that  is,  1=3- 


*  The  area  of  the  surface  of  a  sphere  of  radius  E  =  47r  R^. 

t  In  this  and  the  following  articles  the  dimensions  of  the  source 
of  light  are  considered  to  be  so  small,  compared  with  the  other 
distances  involved,  that  it  may  be  treated  as  a  luminous  point. 
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11.   The  illuminating  power  of  any  source   of  light. 

nie  intensity  of  any  source  of  light  is  j>ro|K)rtionul  to 
its  illuminating  power.  This  qitantUy  is  measured  by  Vie 
intensity/  of  illuviiiuUion  of  unit  area  of  a  surface  placed  at 
unit  distance  from  the  given  source^  the  light  being  incident 
normally  on  this  surface.  If  Ii  denote  the  illuminating 
]X)wer  of  a  given  source  of  light  (A),  then  the  intensity  of 
illumination  produced  by  this  vsource  on  a  sui-face,  at  a  dis- 
tance Ri,  is  given  by — 

1  =  ^-      (Art.  9.) 

Similarly,  if  another  source  of  light  (B)  be  so  placed  as 
to  pi*oduce  the  same  intensity  of  illumin.ation  (I),  then — 

where  Tj  denotes  the  illuminating  power  of  B,  and  R.^  its 
distance  fiom  the  illuminated  surface.  Now,  equating 
these  two  expressions  for  1,  we  have — 

That  is— 

I",  R,>- 
This  shows  that  the  illuminating  powers  of  different 
sources  of  light  are  directly  •  proportioiial  to  the  squares  of 
tJie  distances  they  must  he  placed  from  a  given  surface^  in 
order  to  produ^ce  on  it  the  same  intensity  of  illumination. 
It  should  be  noticed  that  the  above  is  true  only  when  the 
angle  of  incidence  t  is  the  same  in  each  case ;  hence  it  is 
evident,  that  in  an  experimental  comparison  of  illuminating 
powers  care  mu.st  be  taken  to  satisfy  this  condition. 

Note.—  It  ifl  important  to  distinguish  between  the  quantities 
intensity  of  light,  illvminating  notcer,  and  int entity  of  Uluminatitm. 
Intensity  of  light  is  a  qaantity  mvolviDg  energy  (Arts.  6, 7)  ;  illumi- 


•  This  statement  must  be  carefully  distinguished  from  that  made 
at  the  end  of  Art.  9. 

t  The  intensity  of  illumination  varies  as  the  cosine  of  the  angle 
of  incidence  of  the  light.     See  "  T«'-xt  Hook  of  Lijjht."  Art.  10. 
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nating  power  of  a  source  of  liglit  is  proportional  to  the  intensity  of 
the  light,  and  is  measured  as  stated  in  Art.  11 ;  intensity  of  illumi- 
nation refers  to  the  surface  illuminated,  and  not,  like  the  other  tAo 
quantities,  to  the  source  of  light  (Arts.  8,  9). 

12.  Photometers.  Photometry  is  the  experimental  com- 
parison of  the  illuminating  powers  of  different  sources  of 
light,  and  the  different  forms  of  apparatus  by  which  this 
comparison  is  effected  are  called  photometers.  The  practical 
unit  employed  in  photometry  is  the  light  emitted  by  a 
standard  sperm  candle  (six  to  the  pound),  burning  120 
grains  per  hour;  and  hence  the  illuminating  power  of 
any  source  of  light  is  generally  expressed  as  being  equiva- 
lent to  that  of  a  certain  number  of  standard  candles.  It 
has  been  found  that  the  eye  is  unable  to  estimate  the  ratio 
of  the  intensity  of  illumination  due  to  different  sources  of 
light,  but  that  it  is  a  correct  judge  of  the  equality  of  the 


Fig.  11. 

illumination  of  two  adjacent  surfaces.  For  this  reason  all 
methods  of  photometry  depend  on  the  equalisation  of  two 
illuminations,  and  the  details  of  the  construction  of  photo- 
meters are  devised  to  facilitate  this  adjustment. 

Foucault's  photometer.  This  photometer  (Fig.  11)  con- 
sists of  semi-transparent  screen,  A  B,  of  thin  paper,  ground 
glass,  or  thin  white  porcelain,  fixed  vertically  in  front 
of,  and  at  right  angles  to  a  partition,  C  D,  which  is 
movable  by  means  of  a  screw  in  the  direction  of  its 
length.  The  two  sources  of  light  to  be  compared,  Li  and 
Lg,  are  placed  on  opposite  sides  of  this  partition  in  such 
po.sitions  that  the  angle  Li  E  Lg  is  bisected  by  C  D.  By  this 
arrangement  one  poi'tion  of  the  screen  is  illuminated  by  one 
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source  and  the  other  portion  by  the  other ;  and,  by  adjust- 
ing the  position  of  C  D  until  these  septirately  illuminated 
portions  become  contiguous,  their  illuminations  may  be 
more  accurately  compared.  When  both  poi-tions  appear 
equally  bright  the  comparison  is  complete,  and  we  have,  if  Li 
and  Lj  represent  the  final  positions  of  the  sources  of  light — 

Illuminating  power  of  Lj  _  (E  Lj)'    * 

Illuminating  power  of  L,      (E  L,)^ 
Rumford's   photometer.     In  this  photometer  the  illumi- 
nating  powers    of    two  sources  of   light  are  compared  by 


C?» 


^y 


adjusting  to  ecjuality  the  intensities  of  the  two  shadows  of 
a  vertical  rod  cast  on  a  screen  by  the  two  given  sources. 
The  lights  (Li,  Lj),  rod  (R),  and  screen  {SS)  are  arranged,  as 
Rhown  in  Fig.  12,  so  that  the  two  shadows  (*S'i  ♦V,),  whose 

•  The  dimensions  of  the  §cr©en  are  small  compared  with  the  diA- 
tances  E  L,  and  E  L,. 
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edges  should  be  well  defined,  appear  close  together,  and  of 
equal  intensity.  In  this  way,  since  each  shadow  is  illumi- 
nated by  the  source  to  which  the  other  is  due,  equality  of 
intensity  of  the  shadows  cast  by  Lj  and  L^  means  equality 
of  illumination  due  to  L2  and  Li ;  and  hence  we  have,  as  in 
previous  case — 

L2        (Lj  X)-- 

Bunsen's  photometer.  Bunsen  has  devised  a  very  simple 
form  of  photometer.  If  a  sheet  of  paper,  having  a  spot 
of  grease  on  it,  be  held  up  to  the  light,  it  will  be 
seen  that  the  spot  of  grease  is  semi-transparent,  and  looks 
brighter  than  the  rest  of  the  paper  when  viewed  from  the 
side  remote  from  the  light,  but  darker  when  seen  from  the 
other  side.  The  reason  of  this  is  evident ;  more  light  passes 
through  the  region  of  the  grease  spot  than  through  the 
rest  of  the  paper,  and  hence  when  seen  from  the  side  remote 
from  the  light  it  looks  brighter  than  the  rest  of  the  screen 
through  which  little  or  no  light  passes  ;  when  looked  at  on 
the  other  side,  however,  the  spot  looks  comparatively  dark, 
because  a  large  proportion  of  the  light  incident  upon  it  passes 
through,  and  is  therefore  not  spent  in  illuminating  its  sur- 
face. It  will  now  be  understood  that  if  a  suitable  paper 
screen,  having  a  grease  spot  at  its  centre,  be  placed  between 
two  sources  of  light,  and  its  position  adjusted  until  the  spot 
cannot  be  seen  on  either  side,  except  by  close  inspection,  then 
the  screen  must  be  equally  illuminated  on  both  sides. 

If  Li,  L2,  and  S  S  (Fig.  13)  represent  the  relative  positions 

S 


S 
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of  the  lights   and    the  screen  when   finally  adjusted,    we 
have — 
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In  practiciiUy  carrying  out  the  necessary  measurements,  at 
least  four  different  adjustments  should  be  made :  (1)  Adjust 
for  disappearance  of  the  spot  when  seen  from  the  side  of 
screen  facing  Li.  (2)  Turn  the  screen  round  through  180°, 
and  again  adjust  for  disappearance  of  spot  from  the  same 
surface  now  facing  Lg.  (3)  Repeat  (1)  and  (2)  with  the 
other  surface  of  the  screen. 

The  screen  is  usually  mounted  in  a  light  frame,  so  that  it 
can  be  easily  tiu*ned  round  in  its  stand,  or  as  a  whole. 

In  all  photometric  measurements  the  light  to  be  compared 
should  be  of  the  same  colour.  If  this  is  not  the  case  it  will 
be  found  impossible  to  adjust  accurately  for  equal  illumina- 
tion, owing  to  the  difference  in  colour  of  the  illuminated 
surfaces.  In  general,  different  sources  of  light  emit  differ- 
ently coloured  rays  in  different  proportions  (Art.  62),  so 
that  an  acciu-ate  comparison  of  intensity  can  only  be  made 
by  means  of  an  instrument  which  forms  the  light  from  each 
source  into  a  spectrum  (Art.  63),  and  admits  of  a  comparison 
of  corresponding  parts  of  the  spectra  so  formed. 
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CALCULATIONS. 

13.  The  calculations  connected  with  the  subject-matter  of  the  pre- 
ceding chapters  are  simple  applications  of  the  elements  of  geometry 
or  algebra  to  the  principles  there  explained,  and  need  no  fm-ther 
illustration  than  is  afforded  by  the  worked  examples  given  below. 

Note. — In  Chapter  III.  we  have  made  use  of  the  term  cosine,  and  in 
succeeding  chapters  it  will  be  necessary  to  make  frequent  use  of  the 
term  sine.  Hence  for  the  convenience  of  the  reader  we  shall  now 
explain  these  terms. 

Let  DAE  represent  a  plane  angle.  From  any  point  C,  in  A  E, 
draw  C  B  perpendicular  to  A  D,  and 
cutting  A  D  in  B.  Now  the  length  of 
B  C,  for  a  given  position  of  C,  evidently 
depends  on  the  magnitude  of  the  angle 
DAE,  but  it  gives  no  indication  of  this 
magnitude  unless  the  position  of  C  be 
defined.      For  this  purpose  the  ratio 

—-^  may  be  considered,  and  it  can 

be  shown  geometrically  that  wherever 
C  be  taken  on  A  E  this  ratio  is  constant,  and  is  definitely 
related   to   the   magnitude    of   the  angle    BAG.      Similarly    the 

ratio  7-p7-  is  constant  and  bears  a  fixed  relation  to  the  magnitude 
A  O 

BO  A  B 

of  B  A  C.   The  ratio  -r-^  is  called  the  sine  of  B  A  C,  and  the  ratio  — -^ 

A  O  A  O 

is  called  the  cosine  of  BAG.  In  the  right-angled  triangle  BAG, 
considered  loith  reference  to  the  angle  BAG,  the  side  B C  is  called 
the  perjyendicular,  the  side  A  B  is  called  the  Vase,  and  A  G  is  called 
the  hypotenuse.    Hence,  in  general  terms — 


sine    BAG  =  PEP£H^M2HL^^=sinBAG. 
hypotenuse 


C08iueBAG=       ^^^ —   =  cos  BAG. 
hypotenuse 
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The  rea<lor  should  dednce  geometrically  the  values  of  these  ratios 
for  angles  of  30°,  45°,  and  r>0°.    These  will  be  found  to  be- 
gin 30°=  i         008  30°=^ 
2  2    * 

sin  45°=  1..     cos  45°=  ^. 
sin  60°=  —'      co860°=    \. 

Examples  I. 

1.  In  a  pinhole  camera  the  distance  from  the  aperture  in  front,  to 
the  screen  at  the  back,  is  18  inches.  Find  the  relative  dimensions  of 
the  representation  on  the  screen  of  an  object  placed  6  feet  in  front  of 
the  camera.  "V 

In  Fig.  6,  treating  the  pencils  from  A  and  B  to  A'  and  B'  respectively, 
as  lines  \vc  see  that  the  triangles  A  O  B  and  A'  O  B'  are  equiangular, 
and  therefore  similar  (Euclid  vi.  4). 

.    AB    _C0 
*  *  A'  B'       0  C* 

Here,  C  O  =  6  feet  and  O  C  =  IJ  feet. 

•    :^  =  ^  =i-=4 
*  '  A'  b'      O  C      \\ 

.-.     AB  =  4A'B'. 

2.  A  circular  uniform  source  of  light,  2  inches  in  diameter,  is 
placed  at  a  distance  of  10  feet  from  a  sphere  2  inches  in  diameter. 
Caliulatc.  approximately,  the  diameters  of  the  umbra  and  i>cnurabra 
cast  on  a  8<ruen  5  feet  beyond  the  sphere.  Matric,  Jntu-  1889. 

Here,  in  Fig.  8  (6)— 

8  S'  =  2  inches ;  O  0'  =  2  inches ;  8  O  =  10  feet ;  0  «t  =  5  feet. 
Diameter  of  umbra  =  w«  =  00  =  2  inches. 
....         -  .       r  Internal    =  wm  =  2  inches       -  _    ,_^.„ 

Diameters  of  penumbra  |  Kxtcnml  =  pp  =  4  inches  '  '**'•  '~»" 
the  triangles  Oup  and  0  88',  we  have,  by  Euclid  vi.  4— 

^LE.—'L?  — A  _  ^ 

8b~O8""10""2* 
But  8  6'  =  2  inches. 

.  *.  -o  =  «  I  or  nj?  =  1  inch. 

;;/»  SB  M« -t- 2  M/i  =  2  4  2  =  4  inches. 
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H.  Tlic  intensity  of  illumination  of  a  screen  placed  6  feet  from  a 
given  source  of  lij;lit  is  donotetl  by  I.  Find  the  intensity  when  the 
distance  of  the  screen  is  increased  to  9  feet. 

Let  r  denote  the  required  intensity.    Then,  by  Art.  9— 


I        V9/    ~\^)        i) 


That  is,  r  =  -g  I. 

7.  A  circular  uniform  source  of  light,  10  cm.  in  diameter,  is  placed 
1  metre  in  front  of  a  spherical  opaque  body  5  cm.  in  diameter.  Find 
the  shortest  distance  from  the  latter  at  which  a  screen  may  be  placed 
so  as  to  have  no  umbra  in  the  shadow  cast  upon  it ;  also  find  the 
diameter  of  the  penumbra  in  this  position  [Fig.  8  (c)]. 

8.  A  luminous  sphere,  5  cm.  in  diameter,  is  placed  150  cm.  from  a 
disc  of  wood  of  26  sq.  cm.  area.  Find  the  dimensions  of  the  umbra 
and  penumbra  cast  on  a  screen  50  cm.  behind  the  disc  of  wood. 
The  line  passing  through  the  centre  of  the  luminous  sphere  and  the 
disc  is  perpendicular  to  the  latter  and  to  the  screen. 

9.  In  Fig.  6,  C  0  =  3  metres,  O  C  =  20  cm.,  and  the  diameter  of 
the  aperture  at  O  is  1  mm.  Find  the  area  of  the  circular  spot  of  light 
at  C  due  to  the  pencil  of  light  coming  from  C.  If  A  B  =  2  metres, 
find  also  the  length  of  A'  B'. 

10.  The  intensities  of  two  sources  of  light  are  in  the  ratio  9  :  16. 
Find  the  ratio  of  the  distances  at  which  they  must  be  placed  from  a 
screen,  in  order  to  produce  on  it  the  same  intensity  of  illumination. 

11.  The  lines  joining  the  points  A,  B,  and  C  form  an  equilateral 
triangle.  D  is  the  middle  point  of  B  C.  A  screen  is  placed  at  A 
with  its  surface  parallel  to  B  C.  Lights  placed  at  B,  C,  and  D  are 
found  to  equally  illuminate  the  screen  at  A ;  compare  their  illuminat- 
ing powers. 

12.  In  Foucault's  photometer  (Fig.  11)  E  L,  :  E  L.^  ::a  :  b.  Find 
the  relative  intensities  of  L^  and  L2. 

13.  In  Rumford's  photometer  (Fig.  12)  l^s  is  found  to  be  115  cm., 
and  Ls«  to  be  201  cm.  Compare  the  illuminating  powers  of  L^ 
and  Ly  ^ 

14.  The  intensities  of  two  sources  of  light  are  in  the  ratio  4:9.  If 
these  sources  are  200  cm.  apart,  where  would  a  Bunsen's  photometer 
be  in  accurate  adjustment  between  them  ? 

15.  The  distance  l^etween  two  incandescent  lamps  of  16  and  25 
candle-power  respectively  is  6  feet.  Show  that  there  are  two 
positions,  on  the  line  joining  the  lamps,  at  which  a  screen  may  be 
placed  so  as  to  receive  equal  illumination  from  each  lamp ;  and 
determine  these  positions. 
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CHAPTER  IV. 

REFLEXION  AT  PLANE  SURFACES. 

14.  When  a  ray  of  light  travelling  in  one  medium,  A,  is 
incident  on  the  surface  of  another  medium,  B,  it  is,  in 
general,  broken  up  into  three  parts. 

1.  A  portion  which  is  reflected  from  the  surface  of  B, 
back  into  A,  according  to  a  certain  law.  This  portion  is 
said  to  suffer  reflexion  at  the  surface  of  B  in  accordance 
with  the  law  of  reflexion. 

2.  A  second  portion  passes  into  B,  and  travels  through 
that  medium  in  a  direction  determined  by  another  law. 
This  portion  is  said  to  be  refracted  into  the  medium  B  in 
accordance  with  the  law  of  refraction. 

3.  A  third  portion  is  scattered  or  diffused  by  the  surface 
of  B  according  to  no  definite  law.  The  light  thus  scattered 
renders  the  surface  luminous,  and  it  Ls  because  of  this 
scattering  of  light  by  the  surfaces  of  non-luminous  bodies 
that  they  become  luminous  in  the  presence  of  a  self- 
luminous  body  (Art.  2). 

When  light  is  incident  upon  an  opaque  body  no  portion 
of  tlie  liglit  is  refracted,  and  the  ratio  of  the  quantities 
reflected  and  difliised  dejK^nds  on  the  nature  of  the  surface 
of  the  body  and  on  the  angle  at  which  the  light  falls  on  the 
surface.  A  rough,  uneven  surface  scatters  the  greater 
portion  of  the  light  falling  on  it ;  but  a  smooth,  highly 
polished  surface  reflects  nearly  all  the  incident  light ;  also 
the  more  obliquely  light  falls  upon  any  reflecting  surface 
the  greater  is  the  proportion  of  reflected  light.  Since  a 
surface  is  rendered  visible  by  scattering  the  light  iucident 
upon  it,  it  follows  that  a  perfectly  reflecting  surface  would 
bo  invisible. 
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15.  Mirrors.  Any  good  reflecting  surface  is  a  mirror. 
The  term  is,  however,  usually  confined  to  polished  surfaces 
of  a  definite  geometrical  form — e.g.,  plane,  spherical,  cylin- 
drical, etc.  — but  in  optics  only  the  first  two  are  of  import- 
ance. The  oldest  mirrors  wore  of  polished  metal,  and  this 
form  of  reflector  is  now  much  used  for  optical  purposes. 
The  ordinary  plane  mirror  consists  of  a  sheet  of  plate  glass 
backed  by  a  thin  layer  of  an  amalgam  of  mercury  and  tin, 
which  forms  the  reflecting  surface.  More  recently,  for 
scientific  purposes,  silvered  specula  have  been  employed  as 
mirrors.  These  are  formed  of  glass  surfaces,  of  the  re- 
quired geometrical  form,  coated  in  front  with  a  thin  layer 
of  silver  which  is  very  highly  polished. 

16.  Definitions.  The  normal  to  a  reflecting  surface  at  any 
point  is  a  line  drawn  at  right  angles  to  the  tangent  plane 
to  the  surface  at  that  point.  If  the  surface  is  plane,  then 
the  normal  at  any  point  is  at  right  angles  to  the  surface ; 
and  if  spherical  it  is  coincident  in  direction  with  the  radius 
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AB,  Reflecting  surface. 

P  N,  Normal. 

IPN,  Angle  of  incidence. 


I  P,  Incident  ray. 
PR,  Reflected  ray. 
N  P  R,  Angle  of  reflexion. 
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drawn  to  that  point.  The  angle  of  incidence  of  a  ray  falling 
on  the  surface  of  a  medium  is  the  angle  between  the  direc- 
tion of  the  ray  and  the  normal  to  the  surface  at  the  point 
of  incidence.  The  plane  of  incidence  is  the  plane  containing 
the  normal  and  the  incident  ray.     The  angle  of  reflexion  is 
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tlie  angle  made  by  the  reflected  ray  with  the  normal  at  the 
point  of  incidence.  The  plane  of  refleodon  is  the  plane 
containing  the  normal  and  the  reflect^  ray. 

17.  Laws  of  reflexion.  When  a  ray  of  light  is  incident 
on  a  reflecting  surface,  it  is  reflected  in  accordance  with  two 
laws  which  may  be  thus  formulated  : — 

1.  The  angle  of  reflexion  is  equal  to  the  angle  of  in- 
cidence.    (I  P  N  =  N  P  R,  Fig.  U.) 

2.  The  planes  of  incidence  and  reflexion  are  coincident. 
These  may  be  expressed  as  one  law  thus : — The  angles  of 

incidence  and  reflexion  are  in  the  same  plane,  and  are 
equal  to  one  another. 

TTiis  law  is  established  by  experiment,  and  may  be  directly 
verified  by  means  of  the  apparatus  shown  in  the  figure 
(Fig.  15).  A  graduated  circle,  fixed  in  a  vertical  plane, 
has  a  small  mirror,  m,  attached  horizontally  at  its  centre, 
and  carries  two  tubes,  T  and  T', 
having  their  axes  directed  to- 
wards the  centre  of  the  circle. 
These  tubes  travel  round  the 
circumference  of  the  circle,  and 
the  position  of  their  axes  relative 
to  the  graduations  is  shown  by 
a  mark  on  the  slide  to  which 
they  are  attached.  The  zero  of 
the  graduations  is  placed  at  the 
point  where  the  normal  to  the 
mirror  cuts  the  divided  circle. 
A  source  of  light  is  placed  so  as 
to  send  a  Ixjam  of  light  down 
one  of  the  tubes  on  to  the 
mirror ;  the  other  tul^  is  then  moved  round  until,  on  look- 
ing through  it,  the  source  of  light  can  be  seen  reflected  in 
the  mirror.  It  will  then  be  found  that  each  of  the  tubes 
is  at  the  same  angular  distance  from  tlie  zero  of  the  scale 
—that  in,  the  angle  of  reflexion  is  equal  to  the  angle  of 
incidence,  and  the  planes  of  incidence  and  reflexion  arc 
coincident  with  that  of  the  divided  circle. 


Fig.  16. 
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18.  Images.  When  <a  luminous  body  is  viewed  directly, 
pencils  of  light  from  every  point  on  the  body  enter  the  eye, 
and  thus  the  body  is  seen  and  its  form  defined.  If,  how- 
ever, from  any  cause  these  pencils  suffer  change  of  direction, 
such  that  they  actually  come  from,  or  appear  to  come  from, 
an  assemblage  of  luminous  points  other  than  the  luminous 
surface  of  the  body,  this  assemblage  of  luminous  points  is 
called  the  image  of  the  luminous  body.  An  image  may  be 
either  real  or  virtual;  in  a  real  image  the  rays  actually  do 
come  from  the  points  of  the  image,  but  in  a  virtual  image 
they  only  appear  to  do  so.  A  real  image  differs  from  a 
luminous  body  in  the  fact  that  the  latter  emits  light  in 
all  directions,  whereas  the  former  emits  light  only  in  the 
direction  taken  by  the  rays  involved  in  its  formation. 

19.  Reflexion  of  light  from  a  luminous  point  at  the  sur- 
face of  a  plane  mirror.     Let  L  (Fig.  16)  denote  the  position 


of  the  luminous  point  and  M  M  that  of  the  mirror.  Consider 
the  reflexion  of  any  ray  LA.  Draw  the  normal  A  N  at  A ; 
then,  according  to  the  law  of  reflexion,  the  reflected  ray 
will  lie  in  the  plane  L  A  N,  and  its  direction,  A  R,  will  be 
such  that  the  angle  RAN  equals  the  angle  LAN.  Simi- 
larly, for  the  ray  L  A',  the  reflected  ray  takes  the  direction 
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A'R',  such  that  R'A'N'  is  equal  to  LA'N'.     Now,  to  an 
eye  placeii  at  R  R',  the  jiencil  reflected  fi-om  the  portion 
A  A'  of  the  miiTor  will  appear  to  come  fi*om  a  point  L'  at 
the  intersection   of  RA   and    R'A'  (Art.  3).     It  can   be 
shown  that  this  point  L'  Has  on  the  normal  to  the  mirror, 
passing  through  L  and  at  the  same  distance  behind  the 
mirror  as  L  is  in  front  of  it.     For,  through  L  draw  the 
normal  L  O  L',  and  let  R  A  produced  cut  it  at  L'.     Then, 
by  Euclid  i.  29,  L  A  N  =  O  L  A, 
andRAN  =  OL'A. 
But,  in  accordance  with  the  law  of  reflexion — 
LAN=RAN; 
.•.OLA  =  OL'A. 
.'.  in  the  triangles  AOL  and  AOL'  we  have  the  angle 
A  O  L  =  the  angle  A  0  L'  and  O  L  A  =  O  L'  A,  and   the 
side  O  A  common.      .'.  O  L  =  O  L'  (i.  26). 

Similarly,  it  can  be  shown  that  any  other  reflected  ray,  if 
produced  backwards,  pa.sses  through  L';  and  therefore,  to  an 
eye  in  front  of  the  mirror,  a  virtual  image  of  L  is  seen  at 
L'.  The  image  is  virtual,  because  the  rays  by  which  it  is 
seen  do  not  actually  come  from  L',  but,  owing  to  the  change 
of  direction  resulting  from  the  reflexion  at  the  surface  of 
the  mirror,  they  appear  to  do  so. 

It  has  here  been  pix)ved,by  assuming  the  truth  of  the  law  of 
reflexion,  that  the  image  of  a  luminous  point  is  at  the  same 
distance  behind  the  mirror  as  the  point  itself  is  in  front 
of  it.  Hence,  if  this  can  be  shown  to  be  true  experi- 
mentally, we  get  an  indii-ect  experimental  proof  of  the  law 
of  reflexion  (cp.  Art.  17).  This  can  be  done  in  the  follow- 
ing way : — Take  a  clean,  polished  plate  of  thin  glass,  and 
hold  a  pin,  or  other  bright  object,  about  a  foot  in  front 
of  it ;  an  image  of  the  pin,  formed  by  the  nearest  polished 
surface  of  the  gla«8,  will,  if  the  light  is  not  too  strong,  be 
clearly  seen  on  the  opposite  side  of  the  plate,  and  another 
pin  can  easily  be  placed  so  as  to  coincide  in  pasition  with 
this  image.  It  ^411  then  be  found,  by  direct  mea.surement 
with  a  pair  of  compasses  and  a  scale,  that  the  distances  of 
the  image  and  the  object  from  the  reflecting  surface  are 
ecpial 
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20.  Reflexion  of  a  convergent  pencil  incident  on  a  plane 
mirror.  The  preceding  article  deals  with  the  reliexion  of 
a  divergent  pencil  (L  A  A'),  and  shows  that,  after  reflexion, 
it  appears  to  diverge  from  a  point  at  the  same  distance 
behind  the  mirror  as  that  from  which  it  originally  diverged 
was  in  front  of  it.  Similarly,  if  a  convergent  pencil  P  L  P' 
(Fig.  17),  converging  to  a  point  L  behind  the  mirror,  be 
incident  at  A  A',  it  is  reflected  so  as  to  converge  to  a  point 
L',  such  that  L  O  L'  is  normal  to  the  mirror,  and  0  L  =  O  L'. 


L  ^"-  - 


Fig.  17. 

This  can  be  proved  in  exactly  the  same  way  as  the  last  case. 
An  eye  placed  at  E  sees  a  real  image  at  L'. 

21.  Image  of  a  luminous  object  formed  by  a  plane 
mirror.  Let  AB  (Fig.  18)  represent  a  luminous  object 
placed  in  front  of  the  mirror  MM.  As  in  Art.  19  the  image 
of  A  is  formed  at  A',  such  that  A  0  A'  is  normal  to  M  M 
and  A'  0  equal  to  A  O.  Similarly,  the  image  of  B  is 
formed  at  B',  such  that  B  0  B'  is  normal  to  M  M  and  B'  0 
equal  to  B  0.  For  all  points  of  the  object  intermediate  be- 
tween A  and  B  images  are  formed  at  corresponding  points 
between  A'  and  B',  and  thus  a  complete  image  of  the  object 
is  formed  at  A'  B'. 

A  more  elaborate  constiuction  is  sometimes  iriven  for 
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determining  the  position  of  an  image  formed  by  a  plane 
mirror,  and,  as  the  method  is  general  and  applicable  to 
spherical  mirrors,  we  shall  briefly  notice  it. 

It  is  based  on  the  fact  that,  owing  to  symmetry,  the 
focus  of  any  two  reflected  rays,  coming  from  any  point 
of  the  image,  is  also  the  focus  of  all  the  reflected  rays 
coming  from  the  same  point ;  hence,  the  intersection  of 
any  two  reflected  rays  determines  the  point  on  the  image 
from  which  they  diverge,  or  appear  to  diverge.  For 
plane  inint)r8,   the  two  rays  chosen  are  AO  (Fig.  18), 


incident  along  a  normal  to  the  mirror,  and  any  other 
i-ay  incident  in  any  other  direction,  such  as  A  N.  The 
ray  AO  is  reflected  back  along  its  original  path,  and 
A  N  is  reflected  along  N  R,  making  the  angle  of  reflexion 
R  N  n  equal  to  the  angle  of  incidence  A  N  w,  and  the 
image  of  A  in  formed  at  A',  the  viitual  focus  of  the  re- 
flected i-ays  OA  and  N  R.  Similarly,  the  image  of  any 
other  point  15  is  obtaine<l,  and  the  images  of  intennediate 
point**  assumed  to  lie  on  the  lino  A'  IV,  and  hence  A'  B'  is 
said  to  be  the  image  of  A  B.  When  the  form  of  the  image 
in  more  complex  than  that  considered  here,  the  images  of 
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a  number  of  points,  sufficient  to  determine  the  complete 
image,  must  be  obtained. 

An  eye  placed  at  any  point  E  (Fig.  18),  in  front  of  the 
miiTor,  sees  the  image  A'B'  by  light  reiiected  fi*om  the 
portion  a  b  of  the  surface  of  the  mirror,  and  the  actual 
path  of  the  extreme  rays  is  shown  by  the  lines  A  a  E,  B  6  E. 
It  is  evident  from  this  that,  in  order  that  any  point  of  an 
image  may  be  seen,  the  line  joining  this  point  to  the  ey© 
must  cut  the  surface  of  the  mirror,  and  the  portion  of  the 
surface  at  which,  by  reflexion,  an  image  is  seen,  is  that  por- 
tion which  is  intercepted  by  the  cone  having  the  eye  at  its 
apex  and  the  image  as  its  base. 

22.  Path  of  rays  by  which  an  image  is  seen.     Let  L' 

(Fig.  16)  represent  the  image  of  a  luminous  point  L  formed 
by  the  mirror  M  M,  and  imagine  an  eye  placed  at  E.  Draw 
lines  joining  L'  to  the  extremities  ee  of  the  aperture  of  the 
eye,  and  cutting  the  mirror  at  a  and  b ;  then  join  L  to 
a  and  b,  and  the  lines  L  a  e  and  Libe  define  the  pencil  of 
light  by  which  L'  is  seen  (cp.  Art.  21).     Each  point  of  the 


image  of  a  luminous  object  is  seen  in  the  way  just  described, 
and  the  extreme  rays  bounding  the  collection  of  pencils 
reaching  the  eye  are  determined  in  the  way  indicated  at 
AaE,  B6E  in  Fig.  18. 
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In  connection  with  this  question  it  is  important  to  notice 
what  must  be  the  position  of  an  object  relative  to  a  mirix)r 
in  oi-der  that  an  image  may  be  formed  by  that  mirror.  Let 
M  M  (Fig.  19)  represent  a  mii*ror  ;  then,  if  an  object  L  be 
placed  anywhere  in  front  of  the  plane  passing  thi-ough  M  M, 
an  image  of  that  object  will  be  formed  behind  this  plane, 
at  a  point  L',  such  that  L  O  L'  is  normal  to  the  plane  and 
IX)  =  L'  O.  This  can  be  proved  in  the  same  way  as  the 
proposition  of  Art.  19;  the  figure,  which  corresponds  to 
Fig.  16,  shows  the  necessiiry  construction,  and  also  the  path 
of  the  rays  by  which  an  eye  placed  at  E  is  able  to  see  the 
image  L'. 

23.  Lateral  inversion.  When  the  image  of  the  face 
is  seen  in  an  ordinary  looking-glass,  we  know  that  the 
image  of  the  right  eye  forms  the  left  eye  of  the  re- 
flected face,  while  the  image  of  the  left  eye  forms  its 
right  eye.  This  is  a  particular  instance  of  a  result  of 
reflexion  known  as  lateral  invert^ion.  It  does  not  affect 
the  appearance  of  objects  which  are  bi-laterally  symme- 
trical ;  but  with  non-symmetrical  objects,  such  as  printed 
or  written  characters,  the  effect  is  sufficiently  evident  and 
well  known. 

24.  Deviation.  When  a  ray  of  light  Is  turned  out  of 
its  oiiginal  course  it  is  said  to  suffer  deviation,  and  the 
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angle  between  its  initial  and  final  direction  determines 
the  amount  of  this  deviation.  The  deviation  due  to  a 
single  reflexion  at  a  plane  surface  is  easily  determined. 
Let  A  O  (Fig.  20)  be  incident  on  the  surface  M  M  at  an 
angle  a  to  the  normal.  Then,  since  the  initial  direction  of 
the  ray  is  represented  by  A  B,  and  its  final  direction  by 
O  B',  the  deviation  is  evidently  given  by  the  angle  B  0  B'. 
But  BOB' =  180- AOB'=  180  -  2a. 

25.  Reflexion  from  a  rotating  mirror.  Let  N  A  (Fig. 
21)  i-epresent  a  ray  incident  normally  on  the  mirror  M  M. 
If  the  position  of  the  mirror  remain  unchanged,  then  N  A 
will  be  reflected  back  along  A  N ;  but  if  MM  be  rotated, 
in  the  direction  shown  by  the  arrows,  round  an  axis  at  A, 

^  ^  into  the  position  M'  M',  then 

*~7^'  NA    will  be  reflected   along 

AN'  according  to  the  law 
of  reflexion.  Now  the  angle 
NA7i=MAM'.  .-.NAN' 
=  2N  A  71  =  2M  A  M'.  But 
^^^^,_  N  N  A  N'  is  the  angle  through 

which  the  reflected  ray  has 
been  rotated  by  the  rotation 
of  the  mirror  through  M  A  M'. 
Hence,  if  a  mirror  be  turned 
^"^'  through  an  angle  a,  the  re- 

Fig.  21.  fleeted  ray  is  rotated  through 

an  angle  2a;  that  is,  the  reflected  ray  rotates  twice  as 
rapidly  as  the  mirror  from  which  it  is  reflected. 

26.  Reflexion  at  plane  surfaces  inclined  to  one  another. 

Before  considering  particular  cases  of  special  interest,  it 
will  greatly  simplify  matters  to  notice  the  general  principles 
applicable  to  all  cases.  Imagine  an  object  A,  placed  be- 
tween two  mirrors.  Mi  and  M^,  inclined  to  each  other  at 
any  angle.  An  image  of  A  will  be  formed  by  each  mirror ; 
and,  if  the  image  formed  by  Mi  lie  in  front  of  Mg — that  is, 
if  it  is  anywhere  in  front  of  the  plane  in  which  this  mirror 
lies  (Alt.  22) — then  an  image  of  this  image  will  be  formed 
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by  Mj.  Similarly,  if  the  image  formed  by  Mj  lie  in 
front  of  Mj,  then  an  image  of  this  image  is  formed  by  Mj. 
These  are  said  to  be  images  of  the  second  order.  In 
precisely  the  same  way,  if  this  second  pair  of  images  are 
suitably  placed,  a  third  pair  (of  the  third  order)  may  be 
formed,  and  so  on.  This  multiplication  of  images  stops 
when  a  pair  is  formed  in  the  space  behind  both  mirrors 
— that  is,  within  the  angle  vertically  opposite  to  that  in 
which  the  object  is  placed.  We  shall  now  consider  a  few 
special  cases. 

(1)  Parallel  mirrors.  Let  Mi  and  Mj  (Fig.  22)  represent 
two  parallel  mirrors,  and  A  an  object  placed  between  them. 
It  is  evident  that  since  the  mirrors  are  parallel  no  image 
can  be  formed  behind  both,  and  hence  every  pair  of  images 
gives  rise  to  another  pair,  and  thus  an  infinite  series  of 
images  may,  theoretically,  be  formed.  Through  A  draw 
Nj  Ng  normal  to  both  the  mirroi-s,  and  produce  it  indefinitely 
on  both  sides.     In  obedience  to  the  law  of  reflexion  all  the 
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images  must  lie  on  this  line,  and  their  positions  on  it  will 
depend  on  the  position  of  A  l)etween  Mi  and  M,,  and  on 
the  distance  between  the.se  mirrors.  Consider  first  the  re- 
Hexion  fi-om  Mi ;  an  image  of  A  is  formed  at  Ai'  on  the 
normal  through  A,  and  so  placed  that  Ai'Ni  equals  A  N,. 
Similarly  an  imago  of  Ai'  is  formed  by  M,  at  Ai*  in  such  a 
|K)sition  that  Ai*  N,  =  Ai' N,  ;    Ai"  in  turn  gives  rise  to 
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Ai'"  by  reflexion  at  Mi,  and  so  on.  In  the  same  way, 
beginning  with  the  first  reflexion  at  M2,  the  images  Ag', 
A2",  etc.,  are  formed  by  successive  reflexion  at  Mg  and  Mj. 
In  Fig.  22  the  position  of  the  images  up  to  the  third  order 
are  shown,  and,  to  distinguish  them,  the  sufiix  attached  to 
A  denotes  the  mirror  at  which  the^r*^  reflexion  took  place, 
and  the  dashes  indicate  the  order  of  the  image.  Thus  the 
series  Ai',  Aj",  Ai'".  .  .  is  formed  by  successive  reflexions 
from  Ml  and  Mj,  beginning  with  reflexion  at  Mi ;  similarly 
the  series  Ag',  Ag",  Ag"'  ...  is  formed  by  successive 
reflexions  from  Mg  and  Mi,  beginning  with  M2.  The 
members  of  each  series  are  so  related  that  any  one  may  be 
considered  as  the  image  of  the  one  immediately  preceding 
it :  for  example,  Ai'"  may  be  considered  as  the  image  of  Aj" 
formed  by  the  mirror  Mi,  and  consequently  Ai'"  Ni  equals 
Ai"Ni. 

To  determine  the  path  of  rays  by  which  any  image  is 
seen,  the  following  construction  should  be  employed.  Let 
it  be  required  to  find  the  path  of  the  rays  by  which  an  eye 
at  E  sees  the  image  Ai".  First  trace  this  image  back  to  A; 
Ai"  is  an  image  of  A^',  which  is  itself  an  image  of  A.  Now 
join  the  extremities  of  the  aperture  of  the  eye  to  A/'  by 
lines  cutting  M2  at  a  and  h,  and  mark  the  real  parts  of  this 
path,  which,  since  the  rays  cannot  penetrate  the  mirror, 
must  lie  between  the  eye  and  a  b.  Next  join  a  and  b  to 
Ai'  by  lines  cutting  Mi  in  c  and  d,  and  mark  ac,  bd  a,s  the 
real  portions  of  this  path.  Then  finally  join  c  and  d  to  A, 
and  the  twice  reflected  pencil  passing  from  A  to  E  indicates 
the  required  path.  From  this  it  is  evident  that  an  image 
of  the  second  order.  A/',  is  seen  by  two  reflexions,  and 
therefore  an  image  of  the  n***  order  would  be  seen  by  n 
reflexions.  The  mirror  from  which  the  last  reflexion  takes 
place — that  is,  the  mirror  in  which  the  image  is  seQn — 
depends  upon  whether  n  is  odd  or  even.  In  either  series  of 
images  the  odd  *  members  are  seen  by  reflexion  from  the 
mirror  at  which  the  first  reflexion  takes  place,  while  the 
even  numbers  are  seen   in    the   other  mirror.      At  each 

I 

*  That  is,  the  Ist,  3rd,  5th,  etc. 
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reflexion  there  is  some  loss  of  light,  depending  in  amount  on 
the  polish  of  the  i-eflecting  surface ;  and,  as  a  consetjuence, 
the  higher  the  order  of  any  image  the  fainter  it  appears, 
until  finally  it  lx)com(\s  too  faint  to  he  visible. 

(2)  Mirrors  inclined  at  right  angles.  Let  O  Mi  and  0  Mg 
(Fig.  23)  represent  two  mirrors  at  right  angles  to  each 
other,  and  A  an  object  placed  between  them.  Then  an  image 
A|'  is  formed  by  O  Mi  and  A^  by  O  M2.     But  A/  lies  in  front 


Fig.  23. 

of  OMj,  and  therefore  an  image  Ai"  is  formed  by  that 
mirror.  Also,  A^'  is  in  front  of  O  Mi,  and  therefore  gives 
rise  to  the  image  A2",  which  from  the  geometry  of  the  figure 
is  evidently  coincident  with  Ai".  An  eye  placed  anywhere 
within  the  proper  limits  (Art.  21)  sees  three  images,  A'x, 
Aj",  or  Aj",  and  Aj',  at  the  three  corners  of  the  rect- 
angle A'l  A'j.  Both  the  images  Ai"  and  Aa"  cannot  be  seen 
at  the  same  time;  an  eye  placed  within  the  angle  Mj  OA 
sees  the  image  Aj" ;  while  one  placet!  in  Mj  O  A  sees  Aj". 
The  figure  shows  the  path  of  the  rays  by  which  the  image 
Aj*  may  be  seen  by  an  eye  placed  at  E.  The  method  of  deter- 
mining this  path  is  indicated  by  the  ^sociated  dotted  lines, 
and  is  exactly  similar  to  that  explained  above  for  parallel 
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mirrors.  The  actual  path  of  the  rays  necessarily  lies  within 
the  angle  Mi  0  M2. 

(3)  Mirrors  inclined  at  any  angle.     Let  0  M]  and  0  M2 

(Fig.  24)  represent  two  mirrors  inclined  at  the  angle  Mi  OMg 
and  A  an  object  placed  between  them.  With  O  as  centre, 
describe  a  circle  passing  through  A  and  cutting  O  Mi  and 
O  Mg  in  Ni  and  Ng  respectively.  Then  all  the  images  of  A 
must  He  in  the  circumference  of  this  circle.  For  consider 
the  image  Ai' ;  according  to  the  law  of  reflexion  it  is  so 
placed  that  A  ni  equals  Ai'  rii,  and  AAi'  is  at  right  angles  to 


Fig.  24. 

O  Mj.  Hence,  in  the  triangles  O  A  Wj  and  0  Ai'  n^  we  have 
A  Tij  equal  to  A/  ni,  ni  O  common,  and  the  angle  Ai'  tti  0  equal 
to  the  angle  A  ni  O  ;  therefore  O  Ai'  equals  O  A  (Euc.  i.  4), 
and  Aj'  lies  on  the  circumference  of  the  circle  passing 
through  A.     Similarly  for  any  other  image. 

The  successive  formation  of  images  is  exactly  similar  to 
that  described  for  parallel  mirrors ;  each  mirror  gives  rise 
to  a  separate  series  of  images,  but  in  this  case  the  number 
of  images  that  can  be  formed  is  limited,  the  last  member  of 
each  series  being  that  formed  within  the  angle  mi  Omj. 
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Fig.  24  shows  the  positions  of  the  members  of  the  series 
formed  by  fii-st  reflexion  from  Mj.  In  general,  the  hist 
meml)ers  of  the  series,  formed  on  the  arc  m^  m^,  have 
diflei-ent  positions ;  but  when  the  angle  Mi  O  Mj  is  an  aliquot 
part  of  360°,  then  these  images  are  coincident.  Figs.  23 
and  25  illustrate  this ;  in  Fig.  23,  M^  0  M2  (90°)  is  one- 
foiu-th  of  360°,  and  the  images  A"i  and  A"2  are  coincident ; 
similarly,  in  Fig.  25,  Mj  0  Mg  (60°)  is  one-sixth  of  360°,  and 
the  images  A'",  and  A'''^  are  coincident.  From  Fig.  25  it 
will  be  seen  that  the  number  of  images  formed  is  5  when 
MiO  Ms  is  07ie-8ixth  of  360°— 
that  is,  if  the  angle  M^  0  Mg 
be  l/n"*  of  360°,  then  the 
number  of  images  formed  is 
(n-1).  Or,  if  M1OM2  be 
denoted  by  ^,  then,  when  6 
is  an  aliquot  part  of  27r,  the 
number  of  images  formed  is 

given  by   (y-l)- 

This  is  the  principle  of  the 
kaleidoscope.  Two  long  nar- 
row mirrors,  inclined  to  each 
other  at  an  angle  of  60°,  are  placed  in  a  slightly  longer  tube. 
One  end  of  the  tube  is  closed  by  a  metal  disc,  pierced  at  the 
centre,  with  a  hole  through  which  the  observer  looks  ;  at  the 
other  end  a  plate  of  clear  glass  fits  into  the  tube  close  up  to  the 
mirrors;  and  a  short  distance  beyond  it,  at  the  end  of  the  tube, 
is  a  similar  plate  of  ground  glass.  Between  these  two  glass 
plates  little  pieces  of  coloured  glass,  etc.,  are  loosely  placed,  and, 
with  their  images,  form  beautiful  and  symmetrical  patterns 
visible  to  an  eye  place<l  at  the  other  end  of  the  tube.  On  rotat- 
ing the  tube  the  pieces  of  glass  change  position,  and  thus  the 
pattern  seen  is  continually  changing.  Sometimes  three  mir- 
rors are  employed,  the  arrangement  being  such  that  the  crass 
section  of  the  throe  is  an  ecjuilateral  triangle.  Each  pair  of 
plates  acts  in  the  way  described  above,  so  that  the  arrange- 
ment gives  r\ae  to  intricate  but  83anmctncal  patterns,  which 
are  capable  of  giving  material  aid  to  designers. 

3 


Pig.  26. 
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CALCULATIONS. 

28.  All  problems  on  reflexion  at  plane  surfaces  are,  more  or  less, 
geometrical  deductions,  involving  a  knowledge  of  the  laws  of  reflexion 
in  addition  to  the  usual  geometrical  propositions. 

The  results  of  Art.  26  are  not  of  very  great  importance,  but  the  simple 
case  where  0  is  an  aliquot  part  of  360°  should  be  remembered.    In  this 

case  the  number  of  images  formed  is  {  —  _  i  J . 

Note. — In  preparation  for  the  work  of  the  next  chapter  the  reader 
should  notice  the  following  points  : — 

1.  The  results  of  Euclid  vi.  3,  A,  and  4. 

2.  The  meaning  of  the  terms  infinite  and  infinity.  A  quantity- 
becomes iw/??ii^«  when  its  value  becomes  greater  than  any  value  we  can 
assign  to  it.  If  the  value  of  any  quantity  q  is  infinite,  this  is  expressed 
by  writing  q  =oo. 

The  term  infinity  will  be  best  understood  from  its  use  in  the  state- 
ment that  parallel  straight  lines  meet  at  infinity.  If  any  straight 
line  O  A  be  produced  to  A',  in  the  direction  0  A,  until  it  is  of  infinite 
length,  the  point  A'  will  be  at  infinity. 

3.  Consider  the  ratio  -  *     If  a;  becomes  infinite,  the  ratio  becomes 

X 

a 

— ,  and  the  value  of  this  expression  is  zero.    That  is — 


QO 

where  a  is  any  finite  quantity. 

4.  The  sine  of  any  angle  is  equal  to  the  sine  of  its  supplement. 
That  is— 

sin  a  =  sin  (180  —  a). 

This  is  readily  seen  from  a  figure. 
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Examples  II. 

1.  A  ray  of  light  starts  from  A,  meets  a  plane  reflecting  surface  at 
M,  and  is  reflected  to  B.  Prove  that  A  M  B  is  the  shortest  possible 
path  from  A  to  B  by  way  of  the  mirror. 

If  AM B  be  not  the  short^^st  path,  let  any  other  path  A  M'B  be 
shorter.  Draw  ANA'  normal  to  the  mirror,  and  produce  B  M  to 
meet  A  A'  in  A'. 

Then,  since  AN  =  A'N  we     <.  B 

have,byEucUdi.4,AM=A'M     - 
and  A  M'  -  A'  M'. 

But  A'  M'  +  M'  B  >  A'  H  > 
A'M  +  MB(Euc.  i.20). 

.•.AM'  +  M'B>  AM  +  MB. 
Q.E.D. 

4.  A  small  object  is  placed 
iK'tween  two  parallel  mirrors 
as  in  Fig.  22.  The  distance 
between  the  mirrors  is  6  inches, 
and  the  object  is  placed  2  inches 
from  one  of  them.  Find  the 
distances  between  the  corre- 
8])onding  members  of  the  two 
series  of  images  formed  ;  also 
the  distances  between  the  odd 

memljers  of  each  series,  and  between  the  even  members  of  each 
series. 

'  5.  The  sun  is  30°  above  the  horizon,  and  you  see  his  image  in  a 
tranquil  \yw)\.  What,  in  this  case,  is  the  angle  of  incidence  and 
reflexion  ? 

6.  A  man.  6  feet  high,  sees  his  image  in  a  plane  mirror  hung 
vcrtirully.     The  top  of  the  mirror  being  6  feet  from  the  grount* 
(I'tcrtniiie  its  smallest  length  in  order  that  the  man  may  see  his  full- 
length  image  in  it. 

*  7.  Find  the  deviation  produced  by  reflexion  at  a  plane  mirror,  when 
the  angle  between  the  incident  and  reflected  rays  is  80*. 

n.  Show,  that  if  a  ray  of  light  l)e  incident  at  any  angle,  on  one  of 
I'.'.M  mirrors  inoline<l  at  right  angles  to  each  other,  then  the  my  is 
1  !l.  t  •.!  from  the  second  mirror  in  a  direction  parallel  to  its  original 
direction. 

10.  A  mirror  revolvcfl  about  a  horizontal  axis  parallel  toitSNurfaoo 
show  how  to  Hnd  if  the  reflecting  surface  is  accurately  parallel  to  the 
:oci8  of  revolution. 


A' 


3^ 


LIGHT. 


CHAPTER  V. 

REFLEXION  AT  SPHERICAL  SURFACES. 

29.  Preliminary  definitions.  A  spherical  mirror,  A  A' 
(Fig.  27),  is  usually  a  very  small  segment  of  a  spherical 
surface,  and  may  be  either  convex  or  concave,  according 


■'^  •-.  F 


Fig.  27. 


to  the  curvature  of  the  reflecting  surface.  The  centre,  C, 
of  the  spherical  surface  of  which  the  mirror  is  a  part  is 
called  the  c&atre  of  curvature  of  the  mirror.  The  line  C  A 
joining  the  centre  of  curvature  and  the  central  point.  A, 
of  the  mirror  is  the  principal  axis  of  the  mirror,  the  point 
A  being  sometimes  called  the  pole  or  centre  of  the  face.  Any 
other  line  C  A'  drawn  through  C  and  cutting  the  mirror  is 
called  a  secondary  axis,  and  is,  like  the  principal  axis,  a 
normal  to  the  mirror. 
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When  a  parallel  pencil  of  light  is  incident  on  a  spherical 
mirror,  in  a  direction  parallel  to  the  principal  axis,  the 
reflected  pencil  converges  to  a  point  F  on  the  principal 
axis.  This  point  is  called  the  principal  focus  of  the  mirror, 
and  the  distance,  A  F,  between  the  principal  focus  and  the 
pole  of  the  mirror  is  termed  the  focal  length  of  the  mirror. 
If  the  pencil  is  incident  parallel  to  a  secondary  axis,  the 
reflected  rays  are,  in  a  similar  way,  brought  to  a  focus  at  a 
point  F'  on  that  axis.  In  the  case  of  spherical  mirrors,  it 
is  not  strictly  true  to  say  that  the  reflected  pencils  meet 
accurately  at  a  point ;  if  the  pencil  is  small,  this  is  approxi- 
mately the  case,  but  with  large  pencils  the  outer  rays  are 
reflected  to  points  nearer  the  mirror  than  the  others.  This 
irregularity  of  reflexion  from  a  spherical  surface  is  called 
spherical  aberration. 

30.  Construction  for  reflected  ray.  Let  P  Q  be  any  ray 
incident  at  Q  on  a  spherical  mirror  [concave  Fig.  28  (A),  oi 
convex  Fig.  28  (B)].  At  Q  draw  the  normal,  Q  N,  to  the 
reflecting   surface,    by   joining   CQ   and   producing    it    if 


F 


(BJ 


FMr. «. 


necessary.  Then,  in  accordance  with  the  law  of  I'eflexion, 
the  reflected  ray  Q  F  is  obtained  by  drawing  Q  F  in  such  a 
diro(rtion  that  the  angle  of  reflexion  F  Q  N  is  e(|ual  to  the 
angle  of  incidence  P  Q  N. 
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From  this  it  is  evident  that  a  ray  incident  along  a 
normal  is  reflected  back  along  the  path  by  which  it  came. 
Also,  from  Art.  29,  a  ray  incident  parallel  to  the  prin- 
cipal axis  is  reflected  through  the  principal  focus.  These 
two  particular  cases  of  reflexion  should  be  carefully  remem- 
bered. 

31.  Position  of  principal  focus.  Let  PQ  (Fig.  29)  be 
a  ray  incident  on  the  concave  mirror  AQ,  in  a  direction 
parallel  to  the  principal  axis  C  A.  Then  P  Q  is  reflected 
through  the  principal  focus  F,  and  the  angle  P  Q  C  is  equal 


Fig.  29. 

to  the  angle  F  Q  C.  But  the  angle  P  Q  C  is  equal  to  the 
angle  FOQ  (Euc.  i.  29);  therefore  FQC  =  FCQ,  and 
therefore  FQ  =FC. 

Now,  if  AQ  is  small,  FQ  is  approximately  equal  to 
F  A,  and  therefore  F  C  equals  F  A  (approximately). 
That  is,  the  principal  focus  F  is  midway  between  the 
pole  A  and  the  centre  of   curvature  C;   and,   if   A  F   be 

V 

denoted  by  /  and  A  C  by  r,  we  have  /=  x  ;  or  the  focal 

length  of  a  spherical  mirror,  for  rays  incident  on  a  small 
portion  of  its  surface  near  the  pole,  is  equal  to  half  the  radius 
of  curvature  of  that  mirror. 

The  proof  here  given  applies  directly  to  a  concave  mirror, 
but  an  exactly  similar  proof  is  apphcable  in  the  case  of  a 
convex  mirror.  The  student  should  draw  the  figure  and 
follow  out  the  steps  of  the  proof  for  himself. 
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32.  Conjugate   foci.*      Let   P  (Fig.   30)  represent  the 
position  of  a  luminous  point  on  the  principal  axis  of  the 


Q 


Fig.  30. 

concave  mirror  A  Q.  Then,  Art.  21,  the  image  of  P  will  be 
formed  at  the  intersection,  after  reflexion,  of  any  two  rays 
coming  from  A.  Consider  the  rays  PA  incident  along  the 
normal  to  the  mirror,  and  P  Q  incident  at  Q ;  P  A  is 
reflected  back  along  AP  and  PQ  is  reflected  along  QP*, 
making  the  angle  of  reflexion  P'  Q  C  equal  to  the  angle  of 
incidence  PQC.  Let  the  reflected  rays  AP  and  QF 
intersect  at  P' ;  then  F  is  the  image  of  P,  and  lies  on  the 
principal  axis  of  the  mirror.  Also,  since  PQC  =  P'  Q  C, 
then — 

Q  P'      PC 

Q  P  ^  CT  '  (Euclid  vi.  3.) 

But,  if  A  Q  is  small,  then  P  Q  =  P  A,  and  F  Q  =  F  A,  and— 
AF^FC 
AP      CP  • 
If  now  A  C  be  denoted  by  r,  A  P  by  m,  and  A  F  by  f»,  then 
FC  =  AC-AF  =  r-r,andCP  =  AP- AC  =  n-r. 
And  the  above  proportion  becomes — 
«__  r— r 
u      u—r' 
.'.  t«(r— r)  =r(u—r). 
,•.  ur  +  v  r  =  2uv. 


Dividing  hy  urv  then — 


V    %     r 


*  The  reader  should  refer  to  Euclid  tI.  3  and  A  before  reading  ibis 
article. 
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But,  by  Art.  31— 

/  =  r.      ...2=1,  and 

.-•UUl,  (1). 

V      u       t 

where  u  denotes  the  distance  of  the  luminous  point  P  from 
the  pole  of  the  mirror,  v  denotes  the  distance  of  the  image 
of  P  from  the  pole  of  the  mirror,  r  denotes  the  radius  of 

T 

curvature  of  the  mirror,  and/(=2)  denotes  the  focal  length 

of  the  mirror. 

The  relation  thus  obtained  is  of  great  importance.  It  will 
be  noticed  that,  in  the  case  here  considered,  all  the  distances 
involved  are  measured  in  the  same  direction  from  A.  When 
this  is  not  the  case,  it  is  necessary  to  adopt  some  convention  as 
to  sign.  The  most  general  convention,  and  the  one  adopted 
throughout  this  book,  is  to  consider  all  distances  measured  in 
a  direction  opposed  to  the  incident  light  as  positive,  and  dis- 
tances measured  in  the  same  direction  as  the  incident  light  as 

negative.      With  this  convention  the  formula --}--=  7  is 

applicable  to  all  cases  of  reflexion  at  spherical  mirrors. 

The  points  P  and  P'  connected  by  this  relation  are  said  to 
be  conjugate  foci,  because  of  the  fact  that  either  point  may 
be  considered  as  the  image  of  the  other.  From  the  con- 
struction it  is  evident  that  the  image  of  a  luminous  point  at 
P'  would  be  formed  at  P,  just  in  the  same  way  as  the  image 
of  P  is  formed  at  P'.  This  may  be  illustrated  experi- 
mentally by  means  of  a  candle  and  a  concave  mirror.  If 
the  flame  of  the  candle  be  placed,  at  any  point  beyond  C,  on 
the  principal  axis  of  the  mirror,  an  image  of  the  flame  will 
be  seen  between  C  and  the  mirror.  The  position  of  this 
image  can  be  marked  by  adjusting  the  position  of  a  needle 
until  it  appears  to  coincide  with  the  image.  It  will  then 
be  found  that  if  the  candle  flame  be  placed  at  the  point 
marked  by  the  needle,  the  image  will  be  seen  at  the  point 
originally  occupied  by  the  flame.  If  the  luminous  point  P 
is  not  on  the  principal  axis,  then  its  conjugate  focus,  P', 
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will  be  on  the  secondary  axis  passing  through  P,  and, 
distances   being    measured   along   this   axis,   the   relation, 

-  +  -=-  can  be  established  in  the  way  explained  above.    In 

fact,  the  two  cases  are  identical,  for  the  geometrical  relations 
of  a  secondary  axis  to  a  spherical  mirror  are  exactly  the 
same  as  those  of  the  principal  axis. 

33.  Relative  position  of  conjugate  foci.  In  the  preced- 
ing article  it  has  been  shown  that  the  formula  -+-=:% 

holds  gootl  for  all  cases  of  reflexion  at  a  spherical  surface. 
By  a  general  discussion  of  this  formula  it  is  possible  to 
determine  the  position  of  P'  for  any  given  position  of  P. 
For  example,  if  u  be  infinite, — that  is,  if  the  incident  light 
be  parallel, — then  we  have — 

1+1=?. 

tJ     00       r 
Therefore,  since  —  =0 

12  r 

-  =  -  orv  =  -. 
v      r  2 

This  means,  that  if  a  pencil  of  parallel  light  be  reflected  at 
the  spherical  surface,  its  focus,  after  reflexion,  is  on  the 
axis  parallel  to  the  incident  light  at  a  point  whose  distance 
from  the  miiTor  is  equal  to  half  the  radius  of  curvature  of 
the  mirror  (Art.  31). 

In  addition  to  the  above,  the  following  general  rule  will 
be  found  of  great  use  in  determining  the  motion  of  the 
image  corresponding  to  any  given  motion  of  the  object 
along  an  axis  of  the  mirror  : — \\lien  an  image  is  formed  by 
rejlexion,  any  motion  of  the  ohjecty  in  a  given  direction  along 
a/n  axis  of  the  mirror^  causes  motion  of  the  image  in  an 
opposite  direction  along  the  same  axis.* 

By  the  application  of  this  rule  we  may  trace  the  motion 
oi  i'  88  P  travelfl  from  infinity  up  to  a  spherical  mirror. 

*  In  tic  case  of  a  piano  mirror,  any  normal  to  its  surface  may  be 
cf)n8i<lcr(d  as  an  axis. 
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Thus,  considering  first  a  concave  mirror,  when  tlie  incident 
light  is  parallel — that  is,  when  P  is  at  infinity  in  front  of 
the  mirror — F  is  at  F  (Fig.  32).  As  P  travels  from  infinity 
np  towards  C,  P'  travels,  in  the  opposite  direction^  from  F 
towards  C.  At  C,  P  and  P'  meet,  and  image  and  object 
coincide.  As  P  travels  from  C  to  F,  P'  travels,  in  the 
opposite  direction,  from  C  to  infinity,  and  the  initial  relations 
of  P  and  P'  are  now  reversed.  As  P  further  travels  from 
F  to  A,  P'  travels,  in  the  opposite  direction,  from  infinity 
to  A — that  is,  P',  after  disappearing  at  infinity  in  front  of 
the  mirror,  reappears  from  infinity  behind  the  mirror  and 
travels  up  to  A. 


Fig.  32. 

The  case  of  a  convex  mirror  is  simpler.  The  principal 
focus,  F  (Fig.  32),  is  behind  the  mirror ;  hence,  as  P  travels 
from  infinity  up  to  the  mirror,  P'  travels,  in  the  opposite 
direction,  from  F  up  to  the  mirror. 

Now,  if  P  be  a  real  luminous  point,  or  small  object,  such 
as  a  candle  flame,  it  can  evidently  travel  no  further  than 
A,  and  thus  we  have  traced  all  possible  positions  of  the 
image  of  a  real  luminous  point  placed  anywhere  in  front 
of  a  spherical  mirror.  The  following  positions  should  be 
noted : — 
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I.  Concave  mirror. 

1.  Luminous  point  between   -f  <»  and  C.      Real   image 
between  F  and  C. 

2.  Luminous  point  at  C.     Ileal  image  at  C. 

3.  Luminous  point  l^etween  C  and  F.    Real  image  between 
C  and  -H  oo  . 

4.  Luminous  point   between  F  and  A.     Virtual  image 
between  A  and  —  oo  . 

5.  Luminous  point  at  A.     Image  at  A. 


II.  Convex  mirror. 
1 .  Luminous  point  between  A  and  -}-  oo 
between  A  and  F. 


Virtual  image 


34.  Formation  of  images  by  spherical  mirrors.  When 
a  himinous  object  is  placed  in  front  of  a  spherical  mirror  an 
image  is  formed,  which  may  be  real  or  virtual  accoi-ding  to 
the  cii-cumstances  of  the  case.  If  real,  the  image  is  formed 
in  front  of  the  mirror,  and  can  be  received  on  a  sci*een ;  but 
if  \-irtual,  it  appears  to  be  behind  the  mirror,  and  cannot 
be  received  upon  a  screen. 

The  following  is  a  general  construction  for  determining 
the  image  of  an  object  formed  by  a  spherical  mirror.  Let 
A  B  (Figs.  33,  35,  36)  represent  an  object  placed  in  front  of 


the  mirror  M  M.  Consider  the  ray  A  M  coming  from  A 
and  incident  cm  the  mirror  normally  at  M.  \i»  direction  if* 
obtained  by  joining  A  (J,  and,  if  necessary,  pixxlucing  the 
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line  to  cut  the  mirror  in  M.  The  reflected  ray  M  A  travels 
back  along  the  path  of  the  incident  ray  (Art.  30),  and  the 
image  of  A  lies  somewhere  on  this  path.  Again  the  ray 
A  P,  drawn  parallel  to  the  principal  axis,  is  reflected  along 
P  F  (Art.  30),  and  the  imago  of  A  lies  on  this  line  also. 
Hence  the  image  of  A  is  found  at  A',  the  intersection  of  the 
lines  M  A  and  P  F.  Similarly,  an  image  of  B  is  formed 
at  B',  and  images  of  points  lying  between  A  and  B  are 
formed  at  corresponding  points  between  A'  and  B',  and 
therefore  A'  B'  is  the  complete  image  of  A  B. 

In  connection  with  the  formation  of  images  the  following 
four  points  have  to  be  considered  : — 

1.  Relative  position  of  image  and  object.  This  has  been 
fully  considered  in  preceding  article;  the  reasoning  there 
employed  is  applicable  whether  the  luminous  point  P  be  an 
isolated  point,  or  a  point  on  an  object  of  finite  size. 

2.  Whether  the  image  is  real  or  virtiial.  Whenever  the 
image  appears  behind  the  mirror,  it  must  necessarily  be 
virtual ;  hence,  it  is  only  necessary  to  know  the  position  of 
an  image  to  decide  whether  it  is  real  or  virtual. 

3.  Whether  the  image  is  inverted  or  erect.  It  is  evident, 
from  Fig.  33,  that  when  object  and  image  are  on  opposite 
sides  of  C,  the  latter  is  inverted  because  of  the  crossing  of  the 
rays  passing  through  C.  Hence,  if  the  relative  positions  of 
object  and  image  are  known,  this  point  is  easily  decided. 

4.  Relative  size  of  image  and  object.  Let  A  B  (Fig.  33)  re- 
present an  object,  and  A'  B'  its  image  formed  by  the  mirror 
M  M.     Now  in  the  triangles  A'  B'  C  and  A  B  C  we  have — 

A^  B^_  C  X^ 
A  B      CX  ■ 
That  is— 

Image*  _  Distance  of  image  "from  C  _c' 
Object     Distance  of  object  from  C      o 


*  This  ratio,  ^™f^^,  is  sometimes  called  the  magnification,  and  must 

be  understood  to  mean — 

Linear  dimension  of  image. 


Corresponding  linear  dimension  of  object. 
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This  proportion  applies  to  linear  dimensions  only ;  for  rela- 
tive area  we  have — 

Area  of  image  _  (c^\ 
Area  of  object      \c  )  ' 
Also,  from  the  triangle  X'  M  X  (Fig.  33),  we  have — 
X^  C  _  M  X^ 
C  X      MX  ■ 

But    ^—  =  ^^  ;    and,   if    N  M    be   small,    ?1^  =  ^^- 
(approximately). 

That  is— 


A  B      N  X  ~  «■ 


Image  _Di8tance  of  image  from  mirror 
Object" Distance  of  object  from  mirror 
Also— 

V     u      f 

orl  =  l     1  =  "^. 
V     f    u       uf 

...  v{u^f)  =  uf. 

.  t>_  / 

'  u      u—f 
That  is— 

Image  _    / 
Object      u-f 
Thus  we  have — 

Image  _£[_»_    / 
Object  ~  0      u     «—/ 

In  this  way  we  get  three  different  but  not  independent 
relations  between  the  linear  dimensions  of  the  image  and 
object.     Tliese  are — 

x,v     Image  _  Distance  of  image  from  mirror  _  r 
Object      Distance  of  object  from  mirror     % 
^oN    Image  __  Distance  of  image  from  C  __  r_' 
^  ^    Object      Distance  of  object  from  O     o  ' 


(8) 


Image  _  Focal  length  of  mirror / 

Object      Distance  of  object  from  focus     *»— / 
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It  thus  appears  that  if  we  know  the  positions  of. the  object 
and  its  image  we  can  completely  determine  the  nature  of  the 
image.  The  results  of  Art.  33,  as  there  summarised,  are 
therefore  of  great  importance,  and  for  this  reason  we  give 
below,  with  j&gures,  the  cases  for  a  luminous  object  of  finite 
size,  corresponding  to  I.,  1,  2,  3,  4,  and  II.  1  of  that  article. 

I.  Concave  mirror. 

(1)  Object  between  C  and  infinity  in  front  of  mirror. 
The  image  lies  between  C  and  F,  and  is  real,  inverted^  and 
diminished.     (Fig.  33.) 

(2)  Object  C  B  at  C. 

The  image,  C  B',  at  C,  is  real,  inverted,  and  of  same  size 
as  object.     (Fig.  34.) 


Fig.  34. 

The  construction  for  this  image  should  be  noticed.  Any 
two  rays  ON,  ON'  coming  from  C  are  normal  to  the  mirror, 
and  therefore,  on  reflexion,  again  intersect  at  C.  That  is, 
the  image  of  C  is  formed  at  C.  The  ray  B  P,  parallel  to 
principal  axis,  is  reflected  through  F,  along  P  F  B'.  Also 
B  F  P',  passing  through  F,  is  reflected  parallel  to  the  prin- 
cipal axis  along  P'  B'.  Hence,  an  image  of  B  is  formed  at 
B',  the  intersection  of  the  reflected  rays  P  F  B'  and  P'  B'. 
This  construction  may,  if  preferred,  be  appHed  to  all  cases ; 
here  it  is  necessary  because  the  ray  from  B,  passing  through 
0,  does  not  fall  on  the  mirror. 

(3)  Object  between  C   and    F.     Image    between  C  and 
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intinity  in  front  of  the  mirror.  If  A'B'  of  Fig.  33  be 
supposed  to  represent  the  object,  then  AB  repi'esents 
its  image,  and  the  figure  illustrates  the  case  we  are  now 
considering.       The  image  is  recdj  invertedy  and  viagnijied. 

(4)  Object  between  F  and  A.  The  image  is  behind  the 
mirror,  between  infinity  and  A,  and  is  virtiud,  erects  and 
magni/ied.     (Fig.  35.) 


A 


A' 


P 

M 

Fig.  35. 


r*-C 


In  the  limit,  when  the  object  is  at  A,  the  image  is  also  at  A, 
and  coincides  with  the  object  in  position  and  size  (Art.  33, 1.  5). 
II.  Convex  mirror. 
(1)  Object  in  front  of  mirror  between  infinity  and  A. 


FMr.  36. 


The  image  lien  between  F  and  A,  and  is  virhtal,  ereei,  and 
diminiaheil.     (Fig.  36.) 
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35.  The  optical  bench.  This  apparatus  is  of  such  fre- 
quent use  in  optical  measurements  that  it  is  advisable,  at 
this  stage,  to  consider  briefly  its  construction  and  method  of 
use.  In  one  of  its  simplest  forms  the  optical  bench  consists 
of  a  thick  base  board  (B  B,  Fig.  37)  of  well-seasoned  wood, 
about  three  metres  long,  and  having  a  deep  wide  groove 
running  along  the  middle  of  its  upper  face.  The  edges  of 
this  groove  are  not  vertical,  but  are  obliquely  cut  in  the  way 
shown  at  s,  Fig.  37.  A  scale,  showing  centimetres  and 
millimetres,  is  cut  parallel  to  the  groove  in  such  a  way  that 
the  edge  of  the  groove  is  also  the  measuring  edge  of  the  scale. 
A  set  of  uprights,  constructed  to  hold  suitably  mounted* 
lenses,  mirrors,  candles,  screens,  etc.,  are  fitted  into  small 


Fig.  37. 

base  boards,  which  are  so  made  that  they  can  be  pushed  into 

the  groove  in  BB  at  one  end,  and  moved  along  to  any 

position  on  the   bench.      This   position   is  indicated,  with 

reference  to  the  scale  of  the  bench,   by  means  of   a  fine 

index  Hne  cut  on  the  base  of  the  upright  in  the  plane  of 

its  vertical  axis. 

This  piece  of  apparatus  may  be  used  for  the  verification 

1112 
of  the   formula   -  +  -  =  -7.=  -  in  the  case  I.   3,  Art.  34. 
V     u     J       r  ' 

For  this  purpose  a  concave  mirror,  the  radius  of  curvature 

of  which  is  known,  is  fixed  in  one  of  the  uprights  M  at  one 

end  of  the  bench,  and  a  candle,  fixed  in  another  upright,  C, 

*  The  mounting  of  any  object  should  be  effected  in  such  a  way 
that  the  point,  to  or  from  which  measurements  are  to  be  made,  is  on 
the  axis  of  the  upright. 
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is  placed  in  front  of  the  mirror,  between  its  principal  focus 

and  centre  of  curvature.     A  screen  of  white  unglazed  paper, 

mounted  on  a  light  frame,  is  fixed  in  a  third  upright,  S,  at 

the  other  end  of  the  bench.     The  positions  of  S  and  C  are 

now  adjusted  until  a  clearly  defined  inverted  image  of  the 

candle  flame  is  seen  on  the  screen.     The  distances  between 

M  and  S,  and  M  and  C,  are  then  read  off  on  the  scale. 

r 
These  distances  give  respectively  v  and  w,  and  if  y*  (=-)  is 

known,  they  may  be  used  in  verification  of  - -}-  ~  =  r*,  or,  in 

/  be  unknown,  they  can  be  used  for  its  determination  by 
calculation  from  the  same  formula. 

Tlie  optical  bench  may  also  be  conveniently  used  for  photo- 
metric measurements  with  Bunsen's  photometer  (Art.  12), 
which,  mounted  on  an  upright  placed  between  two  other 
uprights  carr3dng  the  lights  to  be  compared,  is  readily 
adjusted  in  the  right  position,  and  the  required  distances 
are  at  once  read  off  on  the  scale. 

36.  Experimental  determination  of  the  radius  of  cur- 
vature and  the  focal  length  of  a  concave  mirror.  The 
simplest  method  of  making  this  determination  is  by  applica- 
tion of  the  fact,  referred  to  in  Art.  34,  that  when  an  object 
is  placed  at  the  centre  of  curvature  of  a  concave  mirror,  the 
image  is  also  at  the  centre,  but  in  an  inverted  position. 
I^t  a  short  needle  be  fixed,  vertically  and  point  upwards,  in 
a  clip,  and  placed  in  front  of  the  mirror,  at  such  a  height 
that  the  point  of  the  needle  is  on  the  principal  axis  of  the 
mirror. 

Unless  the  needle  be  placed  too  close  to  the  mirror,  an 
inverted  image  may  be  seen  by  an  eye  placed  near  the  prin- 
cipal axis,  at  some  distance  from  the  mirror.  By  adjusting 
the  position  of  the  needle  its  point  may  be  made  to  coincide 
with  that  of  the  inverted  image.  The  point  of  the  needle 
is  now  at  the  centre  of  the  mirror,  and  hence  the  radius  of 
curvature  is  obtained  by  measuring  the  distance  between  the 
pole  of  the  mirror  and  the  point  of  the  needle.    The  focal 
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length  is  equal  to  half  this  distance.  If  the  distance  is  small, 
it  may  be  measured  by  means  of  a  pair  of  compasses  and  a 
scale ;  but,  if  large,  a  wooden  rod,  pointed  at  both  ends  and 
of  adjustable  length,  may  be  used,  or  the  mirror  and  needle 
may  be  fixed  in  two  of  the  uprights  of  the  optical  bench, 
and  the  measurements  made  as  described  above  (Art.  35). 
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CALCULATIONS. 

87.  The  formulae  of  importance  in  the  preceding  chapter  are — 

Distances  measured  from  the  pole  of  the  minor. 

3(a).      lE^???=r.  /^^ 

^  ^        Object      u 

Distances  measured  from  the  pole  of  the  mirror. 

^  ^        Object      c 
Distances  measured  from  the  centre  of  curvature. 

^  ^    Object  H^yy 

Distances  measured  from  the  pole  of  the  mirror. 

Distances  measured  in  a  direction  opposed  to  that  of  the  incident 
light  are  considerecl  positiye,  and  those  measured  in  the  same  direction 
as  the  incident  light  are  considered  negative. 

This  convention  applies  to  all  cases,  wherever  the  distance  con- 
sidered may  be  measured  from.  In  applying  the  above  formulae  the 
following  points  must  be  noticed  : — 

1.  On  substituting  a  numerical  value  for  any  of  the  symbols,  the 
sign  of  the  former  must  always  be  attached. 

For  example,  if  in  formula  (1),  «  =  6  and  r  =  —  8,  then,  on  substi- 
tution, we  get — 

-8     ^^~  f      r' 
.     1    _1 
••  24-7- 
.-.  /=24andr=48. 

2.  In  applying  a  formula  to  determine  one  of  the  involved  distances, 
the  others  Ixjing  known,  no  sign  must  be  given  to  the  unknown 
distance.  Thus,  in  the  above  example,  no  sign  is  at  first  given  to/; 
but  the  result,  when  worked  out,  shows  it  to  be  positive — that  is,  the 
mirror  is  concave. 

3.  When  distances  are  me^ured  from  the  pole  of  the  mirror 
[formulffi  1,  3  («),  and  3  (c)],  the  mdius  of  curvature  and  focal  length 
are  positive  for  a  concave  mirror,  and  negative  for  a  convex  niirrt>r. 
This  is  in  accordance  with  the  sign  convention  given  above,  and  needs 
tipccial  notice  only  as  a  reminder. 
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4.  Always  draw  a  fairly  acairate  figure  representing  given  condi- 
tions.    This  prevents  mistakes  as  to  sign. 

Formulje  1  and  3  («)  are  the  most  important. 

Formulse  3  (^a)  and  3  (&)  should  be  learnt  in  words  (Art.  34)  ;  3  (c)  is 
not  important,  but  is  sometimes  very  convenient.  The  different  forms 
of  formula  3  may  be  remembered  by  noticing  that "  image  "  and  *'  v  " 
are  associated,  as  are  also  "object "  and  ** «." 

5.  Sign  need  not  be  considered  in  connection  with  formula  3  if 
the  ratios  be  learnt  in  words.  But  if  learnt  as  formulae  involving 
V,  v,f,  0,  and  c',  then  the  signs  must  be  considered,  just  as  in  any  other 
case,  and  the  following  interpretations  of  the  results  will  be  found 
useful : — 

3  (a).  BaUo  jfositive  indicates  that  image  is  real, 

„     negative        „  „        „        „  virtual , 

because,  if  v  and  u  are  of  opposite  sign,  then  the  image  must  be 
behind  the  mirror,  and  therefore  virtual  (Art.  34). 

3  (&).  Ratio  positive  indicates  that  image  is  erect, 

„      negative       „  „         „        „  inverted, 

because,  in  the  first  case,  the  object  and  image  must  be  on  the  same 
side  of  C,  and  the  latter  is  therefore  erect ;  and,  in  the  second  case, 
they  are  on  opposite  sides  of  C,  and  therefore  the  image  is  inverted 
(Art.  34). 

3  (c).  Ratio  positive  indicates  that  image  is  real, 

„      negative        „  „        „         ,,  virtual. 

Cp.  3  (a)  and  Art.  34,  I.  3  and  II.  1. 

When  the  magnification  is  one  of  the  data  of  a  2)roblem.,  attention 
must  be  paid  to  this  point.     See  Ex.  III.  4. 

Examples  III. 

1.  An  object  is  placed  15  cm.  in  front  of  a  concave  mirror  of 
30  cm.  focal  length.  Find  the  position  of  the  image  and  the  ratio 
of  its  size  to  that  of  the  object. 

Here  we  have  given  us — 

?f  =  15;/=30. 
Hence,  substituting  in — 


we  have — 


V     n      f 


l  +  I  =  1         •  i=  _i 
«7     15      30*     '  '  V  30' 


.-.  r  =  -30. 
That  is,  the  image  is  30  cm.  behind  the  mirror,  and  is  therefore 
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virtual.    Also,  image  and  object  are  on  the  same  side  of  C ;  therefore 
image  is  erect. 
Also— 

Im<»jfe  _  »  _  —30  _  _  2 

Object      M         15  ~ 
That  is,  image  is  virtual,  and  twice  the  size  of  the  object. 

2.  A  pencil  of  rays,  converging  to  a  point  20  cm.  behind  a  mirror, 
is  brought  to  focus,  by  rctiexion  from  its  surface,  at  a  point  10  cm.  in 
front  of  the  mirror.  Determine  whether  the  mirror  is  convex  or 
concave,  and  find  its  radius  of  curvature. 

Herew  =  -20,  r=  10, 


and 

1^1 
V     u 

^2 
r 

• 

1 

10 

1   . 
20" 

r 

••• 

2, 
r 

1 

"20' 

err  =  40  and/ =20. 
That  is,  the  mirror  is  concave,  and  its  radius  of  curvature  is  40  cm. 
3.  An  object,  3  cm.  in  length,  is  placed  20  cm.  in  front  of  a  convex 
mirror  of  12  cm.  focal  length.    Find  the  nature  and  position  of  the 
image. 

Here  M  =  20,/=  -12 

1    .   1  _1 


^^.=7• 

V      20         12 

1             1         1 

v~       20      12  ~ 

2 
15- 

.     1_      2 
•  *   r         16* 

.-.  r=  -7-6. 

That  is,  the  image  is  7*5  cm.  behind  the  mirror,  and  is  therefore 
virtual. 
Also — 

Image  __  t>  _  _7*6 
Object  ""tf  20' 

That  is,  image  is  virtual ;  and  disregarding  sign,  we  have — 
Length  of  image  _  3 
8  cm.  *"  "8* 

.'.    Length  of  image  sis  1*125  cm. 
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4.  A  small  object  on  the  axis  of  a  concaye  mirror,  at  a  distance  of 
10  inches  from  it,  gives  an  image  which  is  three  times  its  own  length. 
Find  the  focal  length  of  the  mirror. 
Here,  applying  3  {c),  we  have— 

Image  / 

Object  ^  w— / 
That  is,  since  image  may  be  real  or  virtual,  we  have — 

.'.  /  =  8  (for  a  real  image), 
or  13^  (for  a  virtiuil  image). 

7.  Given  a  concave  mirror  whose  focal  length  is  12  inches,  where 
would  you  place  a  candle  flame  in  order  that  the  image  of  it,  formed 
by  the  mirror,  may  be  (1)  real,  (2)  virtual. 

8.  A  concave  spherical  mirror  is  so  placed  that  a  candle  flame  is 
situated  on  its  principal  axis  at  a  distance  of  18  inches  from  its 
surface.  An  inverted  image,  three  times  as  long  as  the  candle  flame 
itself,  is  seen  sharply  defined  on  the  wall.  What  is  the  focal  length 
of  the  mirror  1 

9.  Prove  that  if  an  object  is  placed  at  a  distance  of  3/  in  front 
of  a  concave  mirror  (of  focal  length  /"),  then  the  image  is  one-half 
the  size  of  the  object. 

10.  A  small  object  on  the  axis  of  a  concave  mirror,  at  a  distance  of 
16  inches  from  it,  produces  a  real  image  which  is  three  times  its  own 
size.     Find  the  focal  length  of  the  mirror. 

11.  A  small  object  0*1  inch  long  is  placed  at  a  distance  of  3  feet 
from  a  convex  mirror  of  12  inches  focal  length.  What  is  the  length 
of  the  image  and  its  distance  from  the  mirror  ? 

13.  A  penny  is  held  8  inches  in  front  of  a  convex  mirror  of  1  foot 
radius.  Where  will  its  image  be,  and  what  will  be  its  diameter 
compared  with  that  of  the  penny  1 

17.  An  object  is  held  in  front  of  a  convex  mirror,  at  a  distance 
equal  to  the  focal  length  of  the  mirror.  Determine  the  size,  nature, 
and  position  of  the  image. 

19.  An  image  produced  by  a  convex  mirror  of  focal  length  /  is 
I/rth  the  size  of  the  object.  Show  that  the  distance  of  the  object  from 
the  mirror  is  (r  —  1)/. 
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EXAMINATION  QUESTIONS. 

Questions  Set  at  London  University  Examinations. 

Matricalation. 

1.  A  plane  mirror  revolves  about  an  axis.  Explain  a  method  of 
ascertaining  experimentally  whether  or  not  the  axis  is  perpendicular 
to  the  surface  of  the  mirror.  June^  1871. 

2.  Two  plane  mirrors  are  inclined  at  an  angle  of  60^ :  trace  the 
path  of  a  pencil  of  rays  proceeding  from  a  luminous  point  between 
the  mirrors  to  the  eye,  ^ter  undergoing  one  reflexion  at  the  surface 
of  each  mirror.  Ibid. 

3.  State  the  laws  of  the  Reflexion  of  Light  by  plane-polished 
surfaces,  and  explain  fully  an  accurate  method  of  proving  them  by 
experiment.  Jan.^  1872. 

4.  If  a  small  object  on  the  principal  axis  of  a  concave  mirror  is 
^'radually  moved  up  to  the  mirror  from  a  point  at  a  considerable 
distance,  show  what  will  be  the  simultaneous  changes  in  the  position 
and  size  of  the  image.  Ilnd, 

5.  Apply  the  laws  of  Reflexion  of  Light  to  find  the  apparent  position 
of  a  luminous  point  seen  by  reflexion  in  a  plane  mirror.     Jxinr^  1872. 

6.  A  ray  of  light  is  reflected  successively  by  two  plane  mirrors, 
the  plane  of  incidence  being  perpendicular  to  the  line  of  intersection 
of  the  mirrors  :  prove  that  when  the  mirrors  are  at  right  angles  to 
each  other  the  final  direction  of  the  ray  is  parallel  to  ita  original 
direction.  Ibid. 

7.  When  a  ray  of  light  falls  upon  a  rotating  mirror,  sliow  that  the 
reflected  ray  turns  twice  as  fast  as  the  mirror.  Jan.,  1873. 

8.  Enunciate  completely  (in  two  statements)  the  law  of  Reflexion 
of  Light.  Employ  it  to  find  the  positions  of  the  images  of  a  bright 
point  placed  l)etwccn  two  i)arallel  plane  mirrors.  Jufw,  1878. 

9.  A  candle-flame  is  placed  at  a  distance  of  three  feet  from  a 
concave  mirror  formed  of  a  portion  of  a  sphere  the  diameter  of 
which  is  three  feet.  Determine  the  nature  and  position  of  the  image 
of  the  candle-tlamc  prwiuccd  by  the  mirror,  ana  state  whether  it  is 
erect  or  inverted.  Jum',  1874. 

10.  Sketch  a  concave  spherical  mirror  exhibiting  a  distAnt  luminous 
•i-i.    t,  and  showing  the  ixwition  and  nature  of  the  image  of  this 

<>l.;.    t  given  by  the  mirror.  Jitnt,  1876. 
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11.  Given  a  concave  spherical  mirror,  how  could  you  find  its  radius 
of  curvature  by  optical  means  alone,  and  without  resorting  to 
geometrical  operations?  Jan.^  1876. 

12.  Rays  of  light  from  a  bright  gas  flame  pass  through  a  small 
pinhole  in  a  black  screen,  and  are  received  on  a  sheet  of  ground 
glass.  Describe  by  the  help  of  a  picture  the  image  seen  on  the  glass. 
What  would  be  the  effect  of  maJcing  the  pinhole  square  instead  of 
round?  Jan.,  1877. 

13.  Completely  enunciate  in  two  statements  the  law  of  Eeflexion 
of  Light,  and  show  how  to  find  the  chief  focus  of  a  concave  spherical 
mirror.  Ibid. 

14.  Assuming  the  laws  of  the  ordinary  Reflexion  of  Light,  find  the 
position  of  the  image  of  an  object  placed  in  front  of  a  plane  mirror. 
What  are  the  limits  of  position  of  the  object  (the  mirror  being 
supposed  fixed)  so  that  an  image  of  it  may  be  formed  by  the  mirror  ? 

June,  1877. 

15.  A  plane  mirror,  in  the  shape  of  a  circle,  revolves  about  a 
vertical  diameter.  A  fixed  horizontal  ray  of  light  falls  upon  its 
centre  and  is  there  reflected.  Prove  generally  that  if  the  miiTor 
move  through  any  angle  the  reflected  ray  will  appear  to  have  moved 
through  double  that  angle.  Jan.,  1878. 

16.  An  object  6  inches  long  is  placed  symmetrically  on  the  axis 
of  a  convex  spherical  mirror,  and  at  a  distance  of  12  inches  from  it.- 
The  image  formed  is  found  to  be  2  inches  long.  What  is  the  focal 
length  of  the  mirror  ?  Ihid. 

17.  Show  how  to  find  the  position  of  the  image  of  an  arrow  placed 
in  front  of  a  concave  spherical  mirror.  Explain  when  it  is  an  erect, 
and  when  an  inverted  image.  June,  1878. 

18.  Explain  the  fonnation  of  images  by  a  concave  cylindrical 
mirror.  Find  the  relation  between  the  distances  of  the  two  conjugate 
foci  from  the  mirror.  What  is  the  position  of  the  image  of  a  point 
which  is  at  the  distance  of  the  diameter  from  the  reflecting  surface 
of  the  cylinder  ?  Jan.,  1879. 

19.  A  small  object  is  placed  in  front  of  a  concave  spherical  mirror 
of  6  inches  radius  at  a  distance  of  four  inches  from  the  surface  of 
the  mirror.  Where  will  its  image  be  situated  ?  will  it  be  erect  or 
inverted  ?  and  what  will  its  dimensions  be  compared  with  those  of 
the  object  ?  Where  must  the  object  be  that  the  image  may  be  of  the 
same  size  ?  Jan.,  1880. 

20.  Explain  the  formation  of  images  by  means  of  a  concave 
spherical  mirror.  How  would  you  determine  the  focal  length  of  such 
a  mirror  ?  June,  1880. 

21.  Explain  the  formation  of  an  image  by  a  convex  mirror. 

The  radius  of  a  convex  mirror  is  6  inches.  If  the  linear  dimensions 
of  an  object  be  twice  those  of  its  image,  where  must  each  be  situated  ? 

Jan.,  1881. 
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22.  State  the  laws  of  Reflexion  of  Light.  Two  mirrors  are  placed 
parallel  to  odc  another,  and  a  luminous  point  is  placed  midway 
between  them.  Show  how  to  draw  accurately  the  path  of  a  ray  of 
light  which,  after  undergoing  3  reflexions  at  one  mirror  and  4  at 
the  other,  enters  an  eye  also  placed  midway  between  the  mirrors, 
but  at  some  distance  from  the  source  of  light.  Jnn*',  1882. 

23.  On  a  moonlight  night  when  the  surface  of  the  sea  is  covered 
with  small  ripples,  instead  of  an  image  of  the  moon  being  seen  in 
the  sea,  a  long  band  of  light  is  observed  on  the  surface  of  the  sea 
extending  towards  the  point  which  is  vertically  beneath  the  moon. 
Account  for  this  phenomenon  in  accordance  with  the  laws  of  re- 
flexion, illustrating  your  explanation  by  a  figure.  Ibid. 

24.  A  bright  object  is  placed  between  two  plane  mirrors  inclined 
at  45°.  Draw  a  picture  showing  the  path  of  a  ray  of  light  pro- 
ceeding from  the  object  and  reaching  the  observer's  eye  after  four 
reflexions.  June,  1886. 

25.  Two  mirrors  are  inclined  to  each  other  at  right  angles.  Show 
that  three  images  of  an  object,  placed  in  the  angle  between  the 
mirrors,  are  formed,  and  draw  the  pencil  of  rays  by  which  the  second 
image  can  be  seen  by  an  eye  looking  at  one  mirror.        June,  1887. 

26.  State  the  optical  law  on  which  photometric  measurements  are 
based.  A  gas  flame  and  a  candle  are  eight  feet  apart,  the  former 
giving  out  nine  times  as  much  light  as  the  latter.  Show  that  there 
are  two  positions  in  which  a  screen  may  be  placed  so  as  to  be  equally 
illuminated  by  the  two  sources,  and  find  these  positions.    Jan.,  1888. 

27.  A  candle  flame  is  placed  between  two  vertical  plane  mirrors 
inclined  to  each  other  at  an  angle  of  45°.  Draw  a  figure  showing 
the  path  of  a  ray,  which,  after  four  reflexions,  enters  the  eye  of  an 
observer  at  the  same  level  as  the  candle.  Ibid. 
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CHAPTER    VI. 

REFRACTION. 

38.  Refraction.  We  have  seen  that  a  ray  of  light  travels 
in  a  straight  line  so  long  as  its  course  lies  in  the  same 
homogeneous  medium,  but  when  it  passes  from  one  medium 
into  another  it  undergoes  a  change  of  direction  at  the 
surface  of  separation  of  the  two  media.  This  change  of 
direction  is  called  refraction.  In  illustration  of  this 
phenomenon  the  following  simple  experiments  are  fre- 
quently adduced : — 

(1)  When  a  piece  of  stick  is  partly  immersed  in  water  in 
an  oblique  position,  it  appears  bent  at  the  surface  of  the 
water  (Fig.  38).  This  is  due  to  the  refraction  of  the  rays 
coming  from  points  on  the  stick  below  the  surface  of  the 


s^jati. 


Fig.  38. 

water.  For  example,  rays  coming  from  O  (Fig.  38)  are 
refracted  at  S  in  passing  from  the  water  to  the  air,  and 
appear  to  come  from  O'.  Similarly,  other  points  between 
O  and  A  appear,  at  E,  to  lie  between  0'  and  A,  and  thus 
the  portion  OA  of  the  stick  appears  bent  into  the 
position  O'A. 
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(2)  If  a  coin  be  placed  at  the  bottom  of  a  vessel  with 
opaque  sides,  in  such  a  position  as  to  be  just  out  of  the 
i*ange  of  \Tsion  of  an  observer  stationed  a  short  distance  off, 
it  will  be  found  that  on  pouring  water  into  the  vessel  the 
coin  soon  becomes  visible.  Thus,  if  the  coin  be  placed  at 
S'  (Fig.  8),  it  will  be  invisible  to  an  eye  at  E,  until,  on 
pouring  a  suflficient  quantity  of  water  into  the  vessel,  a 
small  pencil  of  rays  coming  from  S'  and  refracted  at  O, 
in  passing  from  the  water  to  the  air,  reaches  the  eye  by  the 
bent  course  S'  O  A  E. 

For  similar  reasons  a  pool  of  water  appears  shallower 
than  it  really  is,  and  small  air  bubbles  in  solid  glass  objects 
appear  nearer  the  surface  than  they  actually  are.    (Art.  45.) 

39.  Angles  of  incidence  and  refraction.  Let  A  0  (Fig.  39) 
i-epresent  a  ray  of  light  in- 
cident at  O  on  the  siu-face  of 
separation  of  the  media  M 
and  M',  and  let  0  B  represent 
the  refracted  ray.  Then,  if 
N  O  N'  be  the  normal  to  the 
surface  at  0,  the  angle  at 
AON  is  the  angle  of  inci- 
dence ^  and  B  0  N'  is  the  cor- 
responding angle  of  refraction. 
The  laws  of  i^efraction,  as 
established  by  experiment, 
refer  to  the  relative  pcjsition 
and  magnitude  of  these 
angles,  and  may  be  stated  thus : — 

(i)  The  angles  of  incidence  and  rrfraction  lie  in  the  same 
plane — that  is,  tJie  incipient  ami  refracted  rays^  and  tJie  normal 
at  the  point  <f  incidence,  all  lie  in  the  same,  plane. 

(ii)  For  the  same  ttco  media,  the  ratio  of  the  tines  of  the 
angles  of  inculence  aiul  refraction  are  constant^  whatever  may 
be  t/ie  magnitiule  of  these  angles. 

(This  law  is  generally  known  as  the  law  of  sines.) 
Without  employing  the  term  sine  this  l:iw  may  Ije  ex- 
plained  by  a   geometrical   construction.      With   centra   O 
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(Fig.  39)  and  any  radius  0  a  descrribe  the  circle  a  N  6  N', 
cutting  O  A  and  O  B  in  a  and  h.  From  a  and  b  drop 
perpendiculai-s  a  n  and  h  n'  on  the  normal  N  N'.  Then  the 
law  may  be  expressed  by  stating  that,  for  the  same  media, 

the  ratio  - — ,  is  constant. 
0  n 

40.  Experimental  verification  of  the  laws  of  refraction. 

The  laws  stated  in  the  preceding  article  may  be  roughly 
verified  by  means  of  the  apparatus  shown  in  Fig.  40.  A 
cylindrical  glass  vessel,  VV,  is  fixed,  in  a  suitable  stand, 
with  its  axis  horizontal  and  its  circular  section  vertical.  A 
circular  scale,  divided  into  degrees,  is  fitted  or  engraved 


round  its  circumference.  This  vessel  is  half  filled  with 
water,  holding  a  small  quantity  of  freshly  precipitated 
silver  chloride  in  suspension,  and  the  surface  of  the 
water  is  accurately  adjusted  on  a  level  with  the  centre  C 
of  the  circular  scale.  A  pencil  of  parallel  light  is  now 
reflected  from  a  small  mirror,  m,  so  as  to  be  incident  in  the 
plane  of  the  scale  *  on  the  surface  of  the  water  at  C.  The 
path  of  the  refracted  ray  is  rendered  visible  by  the  light 
dispersed   by  the  particles  of   silver  chloride,    and  is  seen 

*  This  adjustment  should  be  made  before  the  water  is  placed  in  V  V. 
The  scale  is  first  adjusted  in  a  vertical  plane  by  altering  the  level  of 
the  apparatus  until  the  plane  of  the  scale  is  seen  to  coincide  with  a 
vertical  thread  hanging  near  ;  the  position  of  the  mirror  m  is  then 
adjusted  until  the  reflected  beam,  A  C  A',  cuts  the  scale  at  A  and  A'. 
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to  be  deviated  from  the  direction  of  the  incident  ray 
immediately  on  entering  the  water.  If  the  scale  is 
accurately  vertical,  its  plane  will  contain  the  normal  to 
the  surface  of  the  water  at  the  point  of  incidence,  and  the 
refracted  pencil  will  be  seen  to  lie  in  this  plane,  thus 
verifying  the  first  law  of  refraction.  Also,  if  the  magnitudes 
of  the  angles  of  incidence  and  refraction  be  read  oft'  on  the 
circular  scale  for  several  different  values  of  each,  it  will  be 
found  that,  in  accordance  with  the  law  of  sines,  the  ratio 
of  the  sine  of  the  angle  of  incidence  to  the  sine  of  the  corre- 
sponding angle  of  refraction  is  constant. 

41.  Refractive  indices.  We  have  seen  that,  when  a  ray 
of  light  is  refracted  from  one  medium,  o,  into  another,  6, 
the  ratio  of  the  sine  of  the  angle  of  incidence  to  the  sine 
of  the  angle  of  refraction  is  constant.  This  ratio  is  the 
relative  index  of  refraction  from  the  medium  a  into 
the  medium  b.  That  is,  if  jij,  represent  this  index,  and 
if  <f>  and  <f>'  denote  respectively  the  angles  of  incidence  and 
refraction,  we  may  write — 

sin  0  ,,v 

sin  <f> 

It  has  been  established  by  experiment  that  the  path  of  a 
ray  of  Hght  is  reversible — that  Ls,  if,  in  Fig.  89,  BO  be 
taken  to  represent  the  incident  ray,  then  O  A  will  be  the 
path  of  the  refracted  ray.  This  fact  is  evidently  expressed 
by  writing — 

-..=:-!^  (2). 

Rm  0 
From  (1)  and  (2)  we  have — 

sin  0     sin  4>'     , 
nn  0'    am  0 
That 


(1). 


Or— 
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This  result  may  be  stated  in  words  by  saying,  that  if 
jttj  denote  the  index  of  refraction  from  a  to  h,  then  — 

denotes  the  index  of  refraction  from  h  to  a.  For  example, 
if  the  index  of  refraction  from  air  to  water  be  J,  then  the 
index  of  refraction  from  water  to  air  is  J. 

When  a  ray  of  light  is  refracted  from  vacuum  into  any 
other  medium,  the  index  of  refraction  from  vacuum  into 
that  medium  is  called  the  absolute  refractive  index  or  the 
refractive  index  of  the  medium. 

If  a  ray  of  light  pass  from  a  given  medium,  through  a 
layer  of  another  medium  bounded  by  parallel  planes,  into 
the  medium  in  which  it  was  originally  travelling,  it  is 
known,  from  experiment,  that  the  initial  and  final  direc- 
tions of  the  ray  are  parallel.  This  may  either  be  taken 
as  an  experimental  fact,  or  deduced  from  results  already 
obtained  from  experimental  data. 

Thus,  let  A  A  and  B  B  represent  the  parallel  surfaces  of 

separation  of  a  layer  of 
the  medium  h  from  a, 
and  let  RN  N' R'  re- 
present the  path  of  a 
ray  travelling  from  a 
through  h  into  a 
again.  Then,  it  is 
evident  that  the  angles 
R'N'n'  and  RNr^are 
equal,  for  they  have 
respectively  the  same 
relation  to  the  equal 
angles  0'  N'  N  and 
ONN'.  Hence,  R'N' 
is  parallel  to  R  N,  but 
is  not  in  the  same  straight  line  with  it.  It  follows  from 
this  that  when  a  ray  of  light  passes  from  one  medium 
through  any  number  of  layers  of  different  media,  having 
parallel  surfaces  of  separation,  back  into  the  same 
medium,  then  the  initial  and  final  directions  of  the  ray 
are  parallel. 


Fig.  41. 
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Consider  the  case  for  the  three  media  a,  6,  c,  shown  in 
Fig.  42.     Here— 


That  is— 


afH 

_  Sin 
sin 

0, 

bfic 

_  sin 
sin 

<f>2 
03 

fP-a 

_  sin 
sin 

'Pi 

'  oMb 

•  bf^- 

cfia  = 

=  1. 

afib- 

6Mc  = 

1 

=  aMe 

[by  (1)  above] 

«/*c  =  oMft  .  &Mc. 


(2). 


This  is  an  important  relation,  and  enables  us  to  determine 
the  relative  index  of  refraction  from  a  to  c,  given  the  indices 


FiR.  42. 


of  refraction  from  a  to  6  and  from  b  to  c.     For  example,  if 
the  index  of  refraction  from  air  to  glass,  ji^  is  |,  and  that 


*  This  formula  is  easily  remembered  by  noticing  that  a  and  e  are 
the  initial  and  final  suffixes  on  each  side.  Compai%  the  suffixes  w,  g, 
below. 
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from  air  to  water,  ^^,  is  ^,  then  the  index  of  refraction 
from  water  to  glass,  ^u^,  is  given  by — 


That 


_     1  _  afJ^g 

—  «»."a  •  aAV  —   —    *   o^a  — 


,,,     —    3     y     3    —    9, 


This  formula  also  enables  us  to  establish  a  relation  between 
the  relative  refractive  index  for  any  two  media  and  the 
absolute  refractive  indices  of  those  media.  Thus,  if  ,ju,, 
denote  the  absolute  refractive  index  of  the  medium  a,  and 
./Ltj  that  of  h,  then — 

aMb  =  a^v-  vf^b, 

or — 

<^b  =  '''^.  (3). 

pfJ-a 

That  is,  the  relative  index  of  refraction  from  a  to  b  is  the 
ratio  of  the  absolute  refractive  index  of  b  to  the  absolute 
refractive  index  of  a. 

It  should  here  be  noticed  that,  as  a  general  rule,  a  ray  of 
light  in  passing  from  one  medium  into  a  denser  one  is  bent 
towards  the  normal,  while  in  passing  into  a  rarer  medium 
it  is  bent  away  from  the  normal.  This  is  equivalent  to 
stating,  that  if  the  medium  b  is  denser  than  a,  then — 

aM6  >  1,  and 

.     .  Wt*a  = <  1, 

afib 

which  expresses  the  case  for  refraction  from  b  into  the 
rarer  medium  a.  Since  all  media  are  denser  than  vacuum, 
it  follows  that  all  absolute  refractive  indices  are  greater 
than  unity. 

So  far  we  have  considered  the  index  of  refraction  merely 
as  a  geometrical  relation,  established  by  experiment,  between 
the  directions  of  the  incident  and  refracted  rays.  When 
considered  in  connection  with  the  undulatory  theory  of 
light,  a  definite  physical  meaning  can,  however,  be  attached 
to  this  constant.     It  can  be  shown  that  the  index  of  refrac- 
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tion  from  any  medium  a  into  another  medium  h  is  the  ratio 
of  the  velocity  of  light  in  a  to  its  velocity  in  b. 
That  is— 

Va 

•^  =  v.' 

where  V«  denotes  the  velocity  of  light  in  a,  and  V^  denotes 
the  velocity  of  light  in  b. 

This  ratio  differs  for  waves  of  different  wave  length, 
being  greater  the  shorter  the  wave  length  ;  and,  as  diffei*ence 
of  wave  length,  in  waves  of  hght,  corresponds  to  difference 
of  colour,  it  follows  that  the  value  of  the  refractive  index 
depends  on  the  colour  of  the  light  which  suffers  refraction. 
The  light  having  the  greatest  icave  length  and  lowest  refrcic- 
tive  index  is  of  a  deep  red  colour,  and  that  of  the  shortest 
leave  length  and  highest  refractive  index  is  coloured  violet. 
Between  these  two  extremes  the  refractive  index  increases 
as  the  wave  length  decreases,  and  the  colour  of  the  light 
shades  off  from  red  through  orange,  yellow,  green,  blue,  and 
indigo  to  violet. 


Diamond    . 

Flint  glass 

Rock-crystAl 

RfX'k-salt   . 

Canada  balsam  . 

Crown  glass 

Plate  glass 

Iceland  Spar 

Alum . 

Ice      . 

Carbon  disulphide 

Olive  oil 

Oil  of  tur])entine 

Sulphuric  acid   . 

•  The  student  will  find  it  convenient  to  remember  the  following 
approximate  values  : — 

Refractive  index  for  air  and  glass  •a  |. 

No  others  need  be  learnt     They  will  be  given  if  required  in  a 
question. 

5 


)Ie  of  Refractive  Indices.* 

(Mean  Valties.) 

.     2-60 

Hydrochloric  acid 

1-41 

1-57 

Alcohol 

1-37 

1-55 

Ether   . 

1-36 

1-54 

Water  . 

1-34 

1-53 

Hydrogen 

100014 

1-52 

Oxygen 

100027 

1-52 

Air       .        .        . 

1(HH)29 

lOo 

Nitrogen 

11X)030 

1-45 

Nitric  oxide . 

1-00031 

1-31 

Carbonic  oxide     . 

100034 

.     1-68 

Ammonia 

100039 

.     1-47 

Carbonic  acid  gas 

1-00045 

1-47 

Nitrous  oxide 

1-00050 

1-43 

Chlorine 

100078 
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42.  Critical  angle.  All  possible  values  of  an  angle  of 
incidence  or  refraction  must  evidently  lie  between  0°  and 
90°.  Now,  when  a  ray  of  light  passes  from  a  rarer  into  a 
denser  medium,  it  is  bent  towards  the  normal — that  is,  the 
angle  of  refraction,  <f>',  is  less  than  the  angle  of  incidence,  <f>j 
and  therefore,  whatever  be  the  value  of  <f>,  between  0°  and 
90°,  that  of  <f)'  must  also  lie  between  0°  and  90°,  and  conse- 
quently refraction  is  always  possible.  But,  if  a  ray  of  light 
pass  from  a  denser  into  a  rarer  medium,  it  is  bent  away 
from  the  normal,  and  the  angle  of  refraction,  ^',  is  greater 
than  the  angle  of  incidence,  <^ ;  so  that,  when  <^  passes  a 
certain  limit  at  which  <^'  becomes  equal  to  90°,  refraction  is 
no  longer  possible,  and  the  incident  ray  is  totally  reflected 
at  the  surface  of  the  rarer  medium. 


Piff.  43. 


Let  m  m  (Fig.  43)  represent  the  surface  of  separation  of 
any  two  media  a  and  6,  of  which  b  is  the  rarer,  and  let  I  0 
represent  a  ray  incident,  at  O,  at  a  small  angle  ION,  and 
refracted  along  O  R.  As  the  angle  of  incidence  increases 
and  the  incident  ray  takes  the  positions  a,  b,  c,  the  angle  of 
refraction  also  increases,  and  the  refracted  ray  takes  suc- 
cessively the  corresponding  positions  a',  b',  c'.  The  angle  of 
refraction  being,  however,  greater  than  the  angle  of  inci- 
dence, a  position  is  reached  at  c  where  the  angle  of  refraction 
R'  0  N  becomes  equal  to  90°,  and  the  refracted  ray,  0  R', 
travels  along  the  surface  of  separation  of  the  media.  The 
angle  of  incidence,  I'  O  N,  at  which  this  takes  place  is  the 
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critical  angle  for  the  media  a  and  h.  As  the  angle  of 
inciilenee  becomes  greater  than  I'O  N  the  ray  is  no  longer 
refracted  into  6,  but  is  totally  reflected  from  the  surface 
mm  in  accordance  with  the  ordinary  laws  of  reflexion. 
Hence,  as  the  incident  ray  passes  through  the  positions  d^  e, 
it  is  reflected  from  m  m  along  the  corresponding  paths  d\  e'. 

Hence,  when  refraction  takes  place  from  a  denser  into  a 
rarer  medium,  the  angle  of  incidence,  ichich  corresponds  to 
an  angle  of  refraction  of  90°,  is  called  the  critical  angle  for 
the  given  media.  At  this  angle  refraction  ceases  and  total 
reflexion  from  the  surface  of  separation  of  the  media  begins. 

It  should  be  noticed  that  for  angles  of  incidence  between 
0°and  the  critical  angle,  only  a  portion  of  the  light  incident 
on  the  surface  of  the  rarer  medium  is  reflected  at  that 
surface,  the  remainder  being  refracted  and  dispersed  (Art. 
14) ;  but,  for  angles  of  incidence  greater  than  the  critical 
angle,  the  incident  light  is  almost  totally  reflected,  no 
portion  of  it  being  refracted. 

Tlie  value  of  the  critical  angle  is  readily  determined  for 

any  media  when  the  relative  index  of  refraction  for  those 

media  is  given.     Thus,  let  jx^  denote  the  index  of  refraction 

from  a  to  6,  then,  in  notation  used  above,  if  6  denote  the 

critical  angle,  we  have — 

sin  0       sin  6       sin  6      „.    - 
«M*  =  — — -.  =  -; — TTT^  =  — 7—  =  sin  ff. 
sin  0'      sin  90         1 

That  is,  the  critical  angle  for  refraction  from  a  medium  a 
into  a  rarer  medium  b,  is  the  angle  whose  sine  is  the  relative 
index  of  refraction  fi'om  a  to  6,  or — 

.<?»  =  8in'^  o/tft  .  (4). 

This  value  of  6  for  air  and  water  is  about  48°. 30',  and  foi 
air  and  glass  it  ranges  from  38°  to  41°  according  to  the 
nature  of  the  glass. 

43.  Total  reflexion.  As  we  have  seen  in  the  preceding 
article,  total  roHexion  takes  place  when  a  ray  of  light, 
travelling  in  the  denser  of  two  media,  is  incident  on  the 
surface  of  sei^vration  at  an  angle  greater  than  the  critical 
angle  of  the  meclia. 
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This  phenomenon  is  readily  exhibited  by  means  of  the 
apparatus  shown  in  Fig.  40.  The  position  of  the  mirror  m 
is  changed,  and  adjusted  so  as  to  reflect  a  beam  of  light 
upwards  through  the  water  into  the  air — for  example,  along 
the  path  BCA.  As  the  angle  of  incidence  is  slowly  in- 
creased the  refracted  ray  gradually  approaches  the  surface 
of  the  water,  and  finally,  when  the  critical  angle  is  passed, 
suffers  reflexion  at  the  surface  of  separation  of  the  air  and 
water,  and  is  seen  in  the  water  as  if  reflected  from  a  mirror 
coincident  with  this  surface. 

Simple  illustrations  of  total  reflexion  are  often  met  with. 
For  example,  if  a  glass  vessel  containing  water  be  held  above 
the  level  of  the  eye,  and  the  surface  of  separation  of  the 
water  from  the  air  be  looked  at  from  below,  it  appears,  when 
seen  by  total  reflexion,  as  a  brilliant  reflecting  surface. 

Similarly,  the  edge  of  a  crack  in  a  pane  of  glass,  seen 
obliquely,  exhibits  the  same  effect,  as  does  also  the  surface 
of  a  glass  tube  held  obliquely  in  a  beaker  of  water  when 
looked  at  through  the  sides  of  the  beaker. 

44.  Deviation  produced  by  refraction.  Let  A  0  (Fig.  44) 
represent  the  incident  ray  and  0  B  the  refracted  ray,  then 
the  deviation  produced  by  the  refraction  at  O  is  expressed 
by- 


That  is- 


D  =  A'OB  =  A'ON'-BON'. 
=  AON-BON'. 


D  =  0-0'  (6). 

where  <f}  denotes  the  angle  qJ  inci- 
dence and  ^'the  angle  of  refraction . 
When  the  angle  of  incidence 
is  zero,  then  the  angle  of  refrac- 
tion is  also  zero,  and  therefore 
no  deviation  is  produced — that 
is,  when  a  ray  is  incident  along 
the  normal  to  the  surface  of 
separation  of  two  media  it  does 
not  suffer  deviation,  but  continues 
its  course  in  the  same  straight  line. 
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45.  Refraction  at  a  single  plane  surface.  So  far  we  have 
dealt  only  with  the  refraction  of  a  sintrle  i-ay ;  we  shall  now 
c*onsider  the  refraction  of  small  pencils  directly*  incident  on 
the  surface  of  separation  of  the  media.  Let  m  m  (Fig.  45) 
represent  the  surface  of  separation  of  two  media  a  and  6,  of 
which  h  is  the  denser,  and  let  A  B  represent  one  of  the  extreme 
rays  of  a  diverging  pencil  of  light  directly  incident  on  m  m 
along  AN.  A  B  is  refracted  at  B  along  B  C,  while  A  N,  being 
normal  to  m  vi,  passes  on  along  N  D  without  suffering  devia- 
tion. The  focus  of  the  refracted  pencil  \n\\  now  be  found 
at  the  point  A'  from  which  B  C  and  N  D  apparently  diverge. 
It  thus  appears  that  A'  and  A  are  conjugate  foci,  and  that 
A'  may  be  considered  as  the  image  of  A  formed  by  refrac- 


J^^^ 


Fig.  46. 

tion  at  the  surface  m  m.  It  now  remains  to  determine  the 
relation  between  the  distances  of  A  and  A'  from  that 
surface.  Let  <f>  and  <f>'  denote  the  angles  of  incidence  and 
refi-action,  and  fi  the  refractive  indexf  for  the  case  consi- 
dered. Then,  since  4*  and  <ft'  are  respectively  equal  to  the 
angles  B  A  N  and  B  A'  N  (Euc.  i.  29),  we  have— 
^  aD»  ^  "1_^^  A  N  _  BN  BA;  _  BA' 
sin  0'~Kin  BA'N^BA  *  BN  ""BA* 

But  if  B  N  is  small — that  is,  if  the  incident  pencil  is  small — 

•  A  pencil  of  light  Ih  directly  incident  on  a  surface  when  the  axis 
of  thr  iK^nril  is  pcriKJndiciilar  to  that  8\irfftcc.  * 

t  In  what  follows,  u  always  denotes  the  refractive  index  for  refrac- 
tion in  the  direction  in  which  the  light  is  supposed  to  be  travellinf . 
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then  B  A  and  B  A'  are  approximately  equal  to  N  A  and 
N  A',  and  we  have — 

Now,  adopting  the  notation  of  Chapter  V.,  and  retaining 
the  sign  convention  there  explained,  let  N  A  be  denoted  by 
u  and  N  A'  by  v.     Then — 


r 

u 
V  =  jxu. 


(6). 


That  is,  the  distance  of  the  image  from  the  plane  refracting 

surface  is  fi  times  that  of  the  object. 

This  explains  why,  on  looking 
vertically  downwards,  the  depth  of 
a  pond  of  water  appears  to  be  only 
three-fourths  of  what  it  really  is. 
Let  0  (Fig.  46)  represent  an  object 
at  the  bottom  of  the  pond;  then, 
after  refraction  at  the  surface  of  the 
water,  the  small  direct  pencil  inci- 
dent along  ON  appears  to  diverge 
from  I — that  is,  the  object  0  is  seen 
at  I.  From  relation  (6)  obtained 
above  we  get — 
I N  =  M .  0  N. 

Now  fx  from  water  to  air  =  |. 

.  •.  IN  =  |ON. 

In  exactly  the  same  way  the  apparent  thickness  of  a  plate 
of  glass,  or  other  transparent  medium,  as  seen  by  an  eye 
looking  along  a  normal  to  the  surface  of  the  plate,  is  less 
than  its  actual  thickness.  For  if  0  (Fig.  46)  represent  an 
object  close  to  the  face  of  the  plate  remote  from  the  eye, 
then  its  apparent  position  is  at  I — that  is,  I  N  is  the  apparent 
thickness  of  a  plate  of  actual  thickness  0  N.  Hence,  if  t 
denote  the  thickness  of  the  plate,  its  apparent  thickness 
is  given  by  /x  t,  where  /a  is  the  index  of  refraction  from  the 
mediv/ni  into  air. 

The  result  is  true  only  in  the  case  of  small  direct  pencils. 
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Strictly,  I  is  the  conjugate  focus  of  O  only  when  the  angld 
of  the  pencil  diverging  from  O  is  infinitely  small ;  as  this 
angle  increases,  the  focus  I  approaches  nearer  and  nearer 
the  surface  (Fig.  47),  until,  when  it  is  equal  to  twice  the 
critical  angle  for  the  media,  the  point  I  coincides  with  N. 
If  the  angle  of  the  pencil  be  greater  than  2  6  (where  6  de- 
notes the  critical  angle),  then  all  the  rays  making  angles 
greater  than  6  with  the  normals  at  the  points  of  incidence 
are  totally  reflected,  and  do  not  emerge  from  the  water. 
Hence,  if  O  be  seen,  by  an  eye  placed  at  E  (Fig.  47)  by 
means  of  the  oblique  pencil  O  a  b  c  d,  then  its  image  is 
seen  at  O',  the  apparent  intersection  of  a  c  and  b  dj  and  thus 


the  apparent  thickness  of  the  medium  becomes  less  and  less 
as  it  is  looked  at  more  and  more  obliquely,  and  finally 
becomes  zero  when  the  direction  of  vision  is  parallel  to  its 
surface.  Tliis  explains  why  the  flat  bottom  of  a  vessel  full 
of  water  appears  slightly  concave ;  the  points  vertically 
below  the  eye  are  seen  by  direct  j)encils,  but  the  surrounding 
points  V)y  slightly  oblique  pencils,  so  that  the  water  appears 
shallower  as  the  range  of  vision  travels  outwards  from  the 
point  vertically  below  the  eye.  If  the  eye  be  moved  along 
parallel  to  the  surface  of  the  water,  thus  appearance  of 
concavity  moves  along  with  it,  and  thus  an  apparent  wave 
motion  is  given  to  the  bottom.  For  the  same  reason  the 
depth  (»f  a  \kh)\  of  water  apjKjars  to  increase  Jis  we  approach 
it  and  to  diminish  as  we  recede  from  it. 
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When  a  plate  of  glass  or  any  transparent  substance  is 
interposed  between  the  eye  and  a  near  object,  the  distance 
of  the  latter  from  the  eye  is  apparently  diminished.  This 
is  evidently  due  to  the  apparent  diminution  in  the  thickness 
of  the  plate ;  and,  if  t  denote  the  actual  thickness,  then  the 
apparent  thickness,  t\  is  given  hy  t'  =■  fx  t,  and  the  position 
of  the  object  is  apparently  nearer  the  eye  by  a  distance 


Fig.  48. 

[t  —  fx  t)  or  t  {1  —  fx),  where  fx  denotes  the  index  of  refrac- 
tion from  the  plate  to  air.  Fig.  48  shows  how  this 
apparent  change  of  position  is  effected.  An  object  at  0  is 
seen  at  0',  the  virtual  focus  of  the  refracted  pencil  which 
enters  the  eye  at  E.  O  0'  represents  the  apparent  change 
of  position,  and  being  equal  to  oo'  is  evidently  equal  to 
(on—o'n);  that  is,  if  0  0'  be  denoted  by  d,  we  have — 

d  =  t(l-f.-),  (7). 
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CALCULATIONS. 

47.  In  the  preceding  chapter  several  important  relations  have  been 
established.  For  convenience  of  reference  we  shall  here  summarise 
the  formulated  expressions  of  these  relations  : — 

(1)  6^=-- 

That  is,  the  index  of  refraction  from  ^  to  a  is  the  reciprocal  of  that 
from  a  to  h. 

(2)  a/*«  =  a/**  .  6/i« 

(3)  aM»=-!^ 

(4)  Jb  =  sin"'  a/^ 

The  relations  (3)  and  (4)  should  be  learnt  in  words. 
(6)  D  =  (0-0') 

(6)  v  =  ixu 

^'f  d  =  t(l-fl) 

In  formulae  which  involve  v  and  «,  distances  are  measured  from  the 
surface  of  separation  of  the  media,  and  the  usual  sign  convention 
(Art.  37)  is  a<iopte<l. 

In  all  cases  )i  denotes  the  index  of  refraction  in  the  direction  in 
which  the  light  is  travelling. 

Examples  IV. 

1.  The  absolute  refractive  indices  of  diamond  and  glass  are 
respectively  ^  and  ^.  tlnd  the  relative  indices  of  refraction  from 
g1a.s8  to  diamond,  and  from  diamond  to  glass. 

Here,  if  g/i^  denote  the  relative  index  of  refraction  from  glass  to 
diamond,  we  have,  from  (3) — 

^,M4^5_^3_6  ^  2_5 
*'**      ^      2*2      2  '^  3      3' 
•••  p^rf  =  i.  and  by  (1) 

2.  Find  the  critical  angle  for  water  and  glass,  given  that  the  index 
of  rcfnu-tion  frum  air  to  glass  is  |,  and  that  from  air  to  water  |. 

Of  the  media,  water  and  glass,  glass  is  the  denser,  and  by  (1)  and 
(2)  we  have — 
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Now,  if  gQ^  denote  the  critical  angle  for  glass  and  water,  then-^ 

gd^—  sin"^  gix^  =  sin"^  ^. 

That  is,  the  critical  angle  for  glass  and  water  is  an  angle  whose 
sine  is  f.     Reference  to  a  table  of  sines  shows  this  to  be  66"  44'. 

3.  A  small  air  bubble  in  a  piece  of  glass  with  a  plane  surface  is 
3  inches  below  that  surface ;  find  its  apparent  distance  from  an  eye 
looking  at  it,  along  a  normal  to  the  surface,  from  a  point  8  inches 
from  the  surface.     (Index  of  refraction  from  air  to  glass  ^.) 

Here,  applying  t'=ixt  (7),  and  remembering  that  the  light  is 
supposed  to  be  travelling  from  glass  to  air,  and  that  therefore  /x  =  ^, 
we  have — 

t'  =  ^  X  3  =  2  inches. 
Therefore  the  apparent  distance  of  the  bubble  from  the  eye  =  8  +  2 
=  10  inches. 

5.  A  piece  of  plate-glass,  5  inches  thick  (refractive  index  1-6),  is 
placed  between  the  eye  and  an  object.  Find  what  alteration  will 
take  place  in  the  apparent  distance  of  the  object  from  the  eye. 

6.  Find  the  relative  index  of  refraction  from  Canada  balsam  to  air. 
(Refer  to  the  table  of  refractive  indices  for  data.) 

7.  The  sine  of  the  critical  angle  for  two  media  is  I.  What  is  the 
index  of  refraction  from  the  rarer  to  the  denser  of  the  two  1 

9.  If  a  ray  of  light  passes  from  one  medium  to  a  second,  making 
the  angle  of  incidence  =  45°,  and  the  angle  of  refraction  equal  to  30°, 
show  that  the  refractive  index  for  the  media  is  ^2. 

10.  The  critical  angle  of  a  given  medium  is  60°.  What  is  its 
refractive  index  1 

Note. — When  tlie  critical  angle  or  the  refractive  index  of  any 
medium  is  referred  to,  it  must  be  understood  that  the  other  medium 
involved  is  vacuum. 

11.  A  vessel,  6  inches  deep,  is  filled  with  alcohol.  What  is  the 
apparent  depth  of  the  liquid  ? 

12.  The  refractive  index  of  water  is  1-33,  and  the  velocity  of  light 
in  air  is  300,000,000  metres  per  second.  Find  the  velocity  of  light 
in  water. 
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CHAPTER  VII. 
REFRACTION  THROUGH  PRISMS  AND  LENSES. 

48.  In  this  chapter  we  shall  not  consider  dispersion,  and 
must  therefore  be  understood  to  deal  with  the  refraction  of 
rays  and  pencils  of  light  of  definite  wave  lengthy  and  therefore 
of  definite  refractive  index  and  colour.  Such  hght  is  some- 
times referred  to  as  monochromatic  or  homogeneoxis  light,  and 
is  conveniently  obtained,  of  a  yellow  colour,  from  a  flame 
coloured  by  the  presence  of  a  salt  of  sodium. 


Prisms. 

49.  Prisms.  From  an  optical  point  of  view,  a  prism  is 
any  portion  of  a  medium  lying  lietween  two  plane  faces 
inclined  to  each  other  at  any  angle.  The  line  of  inter- 
.section  of  these  faces  is  known  as  the  edge  of  the  prism,  and 
a  section  of  the  prism  at  any  point  in  its  length,  perpen- 
dicular to  this  edge,  is  called  a  principal  section.  The 
refracting  angle  of  the  prism  is  the  angle  between  its  faces, 
as  measured  by  the  corresponding  plane  angle  of  the 
principal  section.  The  prisms  generally  used  for  exi)eri- 
ments  are  triangidar  prisms,  in  the  geometrical  sense  of  the 
term.  The  principal  sections  of  such  prisms  are  equilateral, 
isoHceles,  or  scalene  triangles,  according  to  the  puri)0se  for 
which  the  prism  is  intended.  When  the  section  is  equilateral 
the  angle  at  each  edge  is  equal  to  60°,  and  thus  there  is  no 
gain  in  having  three  edges ;  with  an  isosceles  section  there 
are  two  different  angles  available,  and  with  a  sail ene  section 
the  angle  at  each  edge  is  different,  and  thus  the  prism  is 
e<juivalent  to  the  three  prisms  oonsideixKl  in  the  optical 
sense. 
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60.  Eefraction  through  a  prism.  In  dealing  with  refrac- 
tion throiigli  a  prism,  we  shall  consider  only  the  case  where 
the  plane  of  incidence  and  refraction  is  coincident  with  a 
principal  section  of  the  prism. 

Let  ABC  (Fig.  50)  represent  the  principal  section  of  a 
prism,  and  BAG  the  refracting  angle  considered ;  then,  if 
the  material  of  the  prism  be  of  higher  refractive  power  than 
the  external  medium,  a  ray  R  N  incident  on  the  face  A  C, 
at  N,  is  bent  towards  the  normal  on  entering  the  prism, 
and,  taking  the  course  N  N',  is  incident  on  the  face  A  B  at 
N',  where  it  is  bent  away  from  the  normal,  and  leaves  the 
prism  by  the  path  N'  E,'. 


Fig.  50. 


The  ray  R  N  is  thus,  after  refraction  through  the  prism, 
deviated  from  its  original  direction  R  N,  and  finally  travels 
along  N'R'.  The  deviation,  as  in  Art.  44,  is  evidently 
measured  by  the  angle  roW;  its  magnitvde  is  found  to 
depend  on  the  path  of  the  ray  through  the  prism,  but  its 
direction  is  always  away  from  the  refracting  edge.  There 
is  one  position  for  which  this  deviation  is  a  minimum ; 
when  the  prism  is  so  placed  that  the  incident  and  emergent 
rays  make  equal  angles  with  the  normals  at  their  respective 
faces,  then  the  deviation  is  a  minimum,  and  the  prism  is 
said  to  be  in  the  position  of  minimum  deviation.  This  can 
be  proved  theoretically ;  but  as  the  proof  is  beyond  the  scope 
of  this  work,  we  must,  for  the  present,  consider  it  as  a  fact 
established  by  experiment. 
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The  minimum  deviation  produced  by  any  prism  depends 
on  the  angle  of  the  prism  and  the  refractive  index  of  its 
material,  relative  to  the  external  medium.  We  shall  now 
proceed  to  establish  an  important  relation  between  these 
quantities.  In  Fig.  50  let  <f>  and  <f>'  denote  the  angles  of 
incidence  and  refraction  at  N,  and  i}/'  and  xj/  the  corre- 
sponding angles  at  N'.* 

Tlien,  if  D  denote  the  deviation  produced,  we  have — 

D  =  roN'  =  /'NN'  +  oN'N.  (Euc.  i.  32). 

=  (0  _  0')  +  (^  -  yj/').   [Cp.  Art.  44,  Formula  (5).] 

...  D  -  0  +  f -(0'  +  f).  (1). 

But,  since  the  angle  contained  between  any  two  lines  is 
equal  to  that  contained  by  Unas  perpendicular  to  them,  we 
have,  if  A  denote  the  angle  of  the  prism — 


7imW  =  BAC  =  A. 

But  n  w  N'  =  0'  +  ^'. 

(Euc. 

i.  32.) 

.  • .    A  =  (0'  +  rp'). 

(2). 

Substituting  this  value  of  {<f>  +  i/^')  in  (1),  we  get — 

D  =  0  +  ^  -  A.  (3). 

Now,  when  the  prism  is  in  the  position  of  minimum 
deviation,  the  ray  passes  si/rnmetrically  through  the  prism, 
and  we  must  therefore  have  </>  =  «/'  and  <f>'  =  ij/'. 

Therefore,  from  (3) — 

D  =  20-A.         .-.^rrE-lA..  (4). 


And  from  (2)— 


20'  =  A.        .•.0'  =  ^-  CO. 


But,  if  fi  denote  the  refractive  index  of  the  material  of 
the  prism,  relative  to  the  external  medium,  then — 


•  At  N'  the  angle  NN'«i  must  be  considered  as  the  angle  of 
incidence  ;  but,  for  the  sake  of  symmetry  with  0',  it  is  here  denoted 
by  ^  and  not  by  ^. 
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At  = 


(1). 


Therefore,  substituting  from  (4)  and  (5),  we  have- 
8iiiJ_(D_+_A) 
sin  ^  A 

This  result,  in  connection  with  refraction  through  a  prism 
in  the  position  of  minimum  deviation,  is  of  great  practical 
impoi-tance. 

When  the  angle  of  the  prism  is  small,  a  very  convenient 
expression  for  D  may  be  obtained  from  the  formula  just 
established.     Thus,  we  have — 

sini(D  -f.  A) 
siniA 
Now,  if  D  and  A  be  so  small  that  the  angles  |  (D  -f  A) 
and  I  A  may  be  considered  as  approximately  equal  to  the 
sines  of  these  angle,  we  have — 

M  =  ?4-^,  or,  D  =  (m  -  1)  A.  (2). 

A 

51.  Conjugate  foci  in  the  ease  of  refraction  through  a 
prism  in  the  position  of  minimum  deviation.  It  is  a  general 
law,  that,  when  any  quantity  is  passing  through  its  maximum 
or  minimum  value,  a  small  change  in  the  variable  concerned 
produces  very  little  effect  on  the  magnitude  of  the  quantity 
itself.  For  example,  the  magnitude  of  the  deviation  pro- 
duced by  refraction  through  a  prism  depends  upon  the  path 
of  the  rays,  but  when  the  prism  is  in  the  position  of  minimum 
deviation  any  small  change  in  the  path  produces  but  little 
change  in  the  magnitude  of  the  deviation.  Hence,  for  rays 
passing  through  a  prism,  by  paths  near  to  that  of  minimum 
deviation,  the  deviation  which  each  undergoes  is  practically 
the  same,  and  very  nearly  equal  to  the  minimum  value. 


Fig.  61. 


Hence,  if  si  small  pencil  oi  rays  coming  from  F  (Fig.  51)  be 
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incident  on  a  prism  at  such  an  angle  that  the  axis  passes  along 
the  path  of  minimum  deviation,  then  all  the  rays  will  be  de- 
viated to  an  approximately  equal  extent,  and  mil  therefore,  on 
emergence,  be  inclined  to  one  another  at  nearly  the  same  angle 
as  before  incidence.  Hence,  if  produced  backwards,  the  rays  of 
tlie  pencil  appear  to  come  from  a  point  F'such  that  F'  O  =  F  O. 
Similarly,  if  we  imagine  the  path  of  the  pencil  to  be  reversed, 
we  see  that  a  convergent  pencil  having  its  focus  at  F  would, 
after  refraction  through  the  pi-ism,  converge  to  the  point  F. 
F  and  F'  are  thus  conjugate  foci ;  and,  if  the  pencil  be 
incident  near  the  refracting  edge  of  a  prism  of  small  angle, 
placed  in  the  position  of  minimum  deviation  for  the  axis  of 
the  pencil,  we  may  neglect  the  thickness  of  the  prism,  and 
state  that  conjugate  foci  are  on  the  same  side  of  the  prism 
and  equidistant  from  its  edge. 


It  follows,  from  what  has  been  said  above,  that  if  an  object 
bo  placed  at  F  its  image  is  seen  at  F'  by  an  eye  placoil  at  E. 
Tlii-s  image  is  evidently  virtual  and  displaced  fnnn  the  posi- 
tion of  the  object  towards  the  edge  of  the  prism  (Fig.  52). 
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Lenses. 

53.  Lenses.  A  lens  may  be  generally  defined  as  a 
portion  of  a  medium  enclosed  between  two  surfaces  of 
definite  geometrical  form  and  having  a  common  normal. 
Usually  these  surfaces  are  portions  of  spheres  or  plane 
surfaces,  and  the  medium  most  generally  employed  is  glass. 
Lenses  of  this  form  may  be  considered  as  solids  of  revolu- 
tion. For  example,  if  either  of  the  sections  shown  in 
Figs.  54  and  55  be  supposed  to  revolve  round  a  central 
horizontal  axis  in  the  plane  of  the  paper,  the  solids  de- 
scribed by  such  revolution  determine  the  form  of  the  lens 
corresponding  to  each  section. 

It  is  usual  to  divide  lenses  into  two  classes  : — 
1.  Convex  lenses  (Fig.    54).     Of  these  there  are  three 
chief  forms — 

(a)  Double  convex. 

(b)  Plano-convex. 

(c)  Concavo-convex  [convergirig  menis(yiis]. 

The  distinguishing  characteristic  of  these  lenses  is  that 
they  are  thicker  at  the  centre  than  at  the  edges. 


(b) 

Fig.  54, 

2.  Concave  lenses  (Fig.  55).     Corresponding  to  the  three 
forms  of  convex  lenses  we  have — 

(a)  Double  concave. 

(b)  Plano-concave. 

(c)  Convexo-concave  [diverginglmeniscics]. 
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The  distinguLshing  characteristic  of  this  class  is  that  the 
lenses  are  thinner  at  the  centre  than  at  the  edges. 

The  action  of  any  of  these  forms  of  lenses  on  a  pencil 
of  rays  passing  through  them,  depends  on  the  refractive 
index  of  the  medium  of  which  they  are  made,  relative  to 
the  surrounding  medium.  Usually  we  have  to  deal  with 
glass  lenses  surrounded  by  air,  that  is,  the  medium  of  the 
lens  is  of  higher  refractive  power  than  the  surrounding 
medium.  In  this  case,  convex  lenses  cause  the  rays  of  a 
pencil  to  become  more  convergent,  or  less  divergent  after 
passing  through  them,  and  for  this  reason  are  sometimes 
calle<l  converging  lenses.  Similarly,  concave  lenses  are 
called  diverging  lenses  because  the  rays  of  a  pencil  are 
always  more  divergent  or  less  convergent  after  refraction 
through  them  than  before.* 

This  action  of  convex  and  concave  lenses  may  be  explained 
in  the  following  wuy.     The  section  of  a  double  convex  lens 


Tig.  86.  V 

may  be  considered  as  a  limiting  form  of  that  of  two  prisms 
placed  base  to  base  as  in  Fig.  56.  Consider  the  mys  P  A 
and  P  B  incident  on  the  prisms  at  A  and  B.  As  explained 
in  Art.  60,  these  rays  are  deviated  away  from  the  etlgcs  of 
the  prisms  on  which  they  are  incident,  and  are  thus  less 
divergent  after  refraction.     The  path  of  the  rays  PA  and 

•  When  the  refractive  index  of  the  substance  of  the  lens  is  less  than 
that  of  the  Murrounding  mediam,  then  a  convex  lens  acts  as  a  diverging 
Icnfl,  and  a  concave  lens  as  a  converging  lens. 
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P  B,  after  passing  through  the  lens,  depends  on  the  magni- 
tude of  the  deviation  produced ;  they  may  either  diverge 
from  P',  run  parallel,  or,  if  the  deviation  be  sufficiently 
great,  converge  to  a  point,  F'. 

Similarly,  the  section  of  a  double  concave  lens  may  be 
considered  as  a  limiting  form  of  that  of  two  prisms  placed 
apex  to  apex,  as  in  Fig.  57.  In  this  case  the  rays  P  A  and 
P  B  are  refracted  away  from  the  edges  of  the  prisms,  that 
is,  from  the  centre  of  the  lens,  and,  after  refraction,  appear 


Fig.  57. 

to  diverge  from  the    point  P';    the    rays  are    thus   more 
divergent  after  passing  through  the  lens  than  before. 

In  the  case  of  the  prisms  shown  in  Figs.  56  and  57,  the 
positions  of  P'  and  P"  will  depend  on  the  positions  of  A  and 
B,  but  in  the  case  of  a  lens,  owing  to  the  curvature  of  the 
surface,  all  rays  coming  from  P  would,  after  refraction,  pass 
through  the  same  point.  When  this  is  accurately  the  case  the 
curvatures  of  the  surfaces  of  the  lens  are  specially  adapted 
to  the  existing  conditions,  and  the  lens  is  said  to  be  aplanatic  ; 
but,  for  ordinary  lenses,  with  spherical  or  plane  surfaces, 
this  is  only  approximately  the  case,  and  the  defect  resulting 
from  this  want  of  accuracy  is  known  as  spherical  aberration.* 

*  When  the  surfaces  of  the  lenses  are  only  very  small  portions  of 
spherical  surfaces,  spherical  aberration  is  almost  negligible,  and  the 
lens  is,  for  all  practical  purposes,  aplanatic. 
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A' lens,  being  a  solid  of  revolution,  is  symmetrical  about 
its  centre,  and  hence  all  sections  passing  through  the  axis 
of  revolution  are  similar.  It  thus  follows,  that  what  has 
been  explained  above,  for  one  section,  is  true  for  all  similar 
sections,  and  consequently,  if  a  pencil  of  light,  diverging 
from  P,  be  refracted  through  a  lens,  all  the  rays  are  sym- 
metrically deviated,  and,  after  refraction,  pass  through  the 
same  point. 

54.  Influence  of  curvature  of  surfaces  of  lens  on  devia- 
tion. Consider  the  refraction  of  the  rays  P  a  6  P'  and  P  c  ^  P' 
through  the  lens  L  (Fig.  58).     It  is  evident  from  the  figure 

/ 


.•e; 


Fig.  58. 

that,  in  'order  that  the  rays  may  pass  through  P',  the 
deviation  of  Tab  P'  must  be  greater  than  that  of  Fed P'. 
At  a  and  6  draw  tangent  planes  to  the  surfaces  of  the  lens 
meeting  in  «,  and  at  c  and  d  draw  tangent  planes  meeting  iny*. 
Now  the  deviation  in  the  case  of  the  my  P  a  6  P'  is  that  due 
to  the  prism  of  refracting  angle  a  e  b,  and  the  deviation  for 
the  ray  P  c  (/  P*  is  that  due  to  a  prism  of  angle  c/a.  But, 
when  the  angle  of  the  pri^m  is  small,  the  deviation  produced 
is  approximately  proportional  to  the  angle  of  the  prism 
(Art,  60).  Therefore,  in  thi.s  case,  the  deviation  for  the 
ray  P a 6 P'  is  greater  than  that  for  Vcd F,  and  thus  it  is 
possible  for  both  rays  to  pass  through  P*. 

V 
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55.  Definitions.  The  ^^rioipa^  axis  of  a  lens  coincides 
with  its  axis  of  revolution  and,  when  the  surfaces  of  the 
lens  are  spherical,  passes  through  the  centres  of  curvature 
of  these  surfaces.  When  one  surface  is  plane,  and  the  other 
spherical,  the  axis  passes  through  the  centre  of  curvature  of 
the  spherical  surface  and  is  normal  to  the  plane  surface. 
The  optical  centre  of  a  lens  is  that  jjoint,  on  the  principal 
axis,  throy-gh  which  ^;as5  all  rays  Iiaving  their  paths  parallel 
be/ore  and  after  refraction  through  the  lens. 


Let  C  and  C  (Fig.  59)  be  the  centres  of  the  two  spherical  sur- 
faces of  a  lens.  Draw  any  radius  C  A,  and  through  C  draw 
the  radius  C'B  parallel  to  C  A.  Join  A  B  cutting  the  principal 
axis  C  C  in  0.  Then  0  is  the  optical  centre  of  the  lens.  For, 
if  A  B  represent  the  path,  through  the  len^,  of  the  ray  II A  B  R', 
then,  by  construction,  A  B  makes  equal  angles,  at  A  and  B, 
with  the  normals  C  A  and  C'B,  and  consequently  the  incident 
and  emergent  rays,  R  A  and  B  R'  also  make  equal  angles  with 
these  normals,  and  are  therefore  parallel.*  This  is  true  for 
any  two  parallel  radii,  C  A  and  C  B,  and  hence  0  is  the  optical 
centre  of  the  lens  as  defined  above.  To  determine  the  position 
of  O,  we  have,  from  the  triangles  A  0  C  and  B  0  C,  that — 

*  The  action  of  the  lens  is,  under  the  conditions  considered,  exactly 
similar  to  that  of  a  plate  enclosed  by  the  parallel  tangent  planes  at 
A  and  B  (cf .  Art.  41). 


REFRACTION    THROUGH    PRISMS    AND    LENSES.  85 


CO       CA        CA' 
CO      C  B      C B'* 

CA'_C  0_C  A'-CO 
CB'      U'O      C'B'-C'O 

_0A' 
OB' 

That  is,  the  point  0  divides  the  thickness  of  the  lens  into 
segments  proportional  to  the  radii  of  curvature  of  the 
adjacent  faces.  In  the  case  of  double  convex  and  double 
concave  lenses  the  optical  centre  lies  in  the  interior  of  the 
lens ;  in  plano-convex  and  plano-concave  lenses  it  is  situated 
on  the  spherical  surfaces,  and  in  a  converging  or  diverging 
meniscus  it  lies  outside  the  lens  on  the  same  side  as  the 
surface  of  lesser  radius  of  curvature. 

Although  the  incident  and  emergent  rays  R  A  and  B  R' 
are  parallel,  they  are  not  in  the  same  straight  line ;  but, 
if  the  thickness  of  the  lens  be  small,  the  displacement  pro- 
duced is  negligible,  and  it  may  be  stated  that  all  rays  passing 
through  the  optical  centre  of  the  lens  suflfer  no  deviation, 
but  continue  their  course  in  the  same  straight  line. 

Any  line,  other  than  the  principal  axis,  passing  through 
the  optical  centre  is  called  a  secondary  aods. 

When  a  parallel  pencil  of  light  is  incident  on  a  lens  in  a 
direction  parallel  to  the  principal  axis  of  the  lens,  the  rays, 
after  refraction  through  the  lens,  converge  to  or  diverge 
from  a  point  on  the  principal  axis.  This  point  is  the 
principal  focus  of  the  lens,  and  its  distance  from  the  optical 
centre  of  the  lens,  measured  along  the  principal  axis,  is  the 
focal  length  of  the  lens. 

in  the  case  of  a  convex  lens,  of  any  form,  the  parallel 


Pig.  60. 

pencil  of  rays  is  made  to  converge  to  a  jwint  F  (Fig.  60)  on 
the  other  side  of  tho  lens.     A  concave  lens  (Fig.  61)  cnuHBR 
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the  rays  to  diverge  from  a  point  F  on  the  same  side  of  the 
lens  as  the  incident  pencil.     In  both  cases.  0  F  lepresents 


Fig.  61. 


the  focal  length,  and,  applying  the  usual  convention  of  sign, 
it   is  evident  from  Figs.   60  and  61   that,  if  distances  be 


Fig.  62. 

measured  from  O,  the  focal  length  of  a  concave  lens  is 
positive,  and  that  of  a  convex  lens  iiegative. 

If  the  pencil  of  parallel  light  is  incident  in  a  direction 
parallel  to  a  secondary  axis  A  F  inclined  at  a  small  angle 
to  the  principal  axis  (Fig.  62)  the  focus  of  the  refracted 
pencil  is  on  the  secondary  axis  at  a  point  F  such  that  0  F 
is  approximately  equal  to  the  focal  length  of  the  lens. 

56.   Path  of  a  ray  through  a  lens.      Let  C  and  C 

(Fig.  6.3)  denote  the  centres  of  curvature  of  the  faces  of 
the  lens  A  B,  and  let  the  ray  P  A  be  incident  on  the 
surface  of  the  lens  at  A.  Join  C  A  and  produce  it  to  N ; 
then  C  A  N  is  the  normal  at  A,  and  tlie  lay  PA  is  refracted 
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into  the  lens  along  A  B  making  an  angle  BAG  with  the 
normal  such  that 

sin  P  A  N  _ 

sin  B  A  U      '* 

where  /x  denotes  the  refractive  index  of  the  material  of 
the  lens  relative  to  the  surrounding  medium.  Similarly,  at 
B,  the  ray  is  incident  on  the  second  face  of  the  lens  and  is 
refracted  along  B  P'  in  such  a  direction  that 

sin  F  B  N^  _ 

sin  C  B  A 

To  determine,  by  this  construction,  the  path  of  any  given 
ray  would  be  a  very  troublesome  process  ;  and  it  is  therefore 
important  to  notice  two  particular  cases  in  which  the  path 
Is  readily  determined. 

1.  Any  ray  passing  through  the  optical  centre  *  of  a  lens 
continues  its  course  in  the  same  straight  line  (Art.  55). 


Fig.  63. 

2.  When  the  incident  ray  Is  parallel  to  the  piincipal 
axis,  the  refracted  ray  passes  through  the  principal  focus 
(Art.  55). 

57.  Conjugate  foci.f     When    rays    of    light,    diverging 

•  For  onlinary  purposes  the  optical  centre  of  a  thin  lens  may  Ix; 
taken  at  any  point  in  it>i  thickness,  on  the  j)rincij)al  axis. 

t  It  should  be  noticed  that  if  the  conjuf?aU;  foci  arc  both  rrnl 
the  ima^e  of  an  object  placed  at  either  focus  is  formcil  at  the  other  ; 
»»Mt  if  one  of  the  foci  is  virtual,  then  the  image  of  an  object  |)laco<l 
It  ffKJUsisnot  frirmed  at  the  other,  but  rays  converging  to  the 
rirtiuil  focus  are  refracted  through  the  cxinjugate  focus.  That  is, 
I  lie  optical  relation  between  conjugate  foci  involves  reversal  of  the 
direction  of  the  light. 
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from  a  point  P  (Fig.  64)  on  the  principal  axis  of  a  lens,  are 

refracted  through  the 
lens,  the  focus  of  the  re- 
fracted pencil  is  another 
point  P',  also  on  the 
principal  axis.  These 
points,  P  and  P',  are 
called  conjugate  foci. 
When  the  point  P  is  on 
any  secondary  axis  iyi- 
clined  at  a  snmll  angle 
to  the  principal  axis  the 
point  P'  is  also  on  that 
secondary  axis,  but  it  is 
important  to  notice  that 
secondary  axes  have  not 
the  same  relation  to 
lenses  as  they  have  to 
mirrors.  In  the  case  of 
mirrors,  the  secondary 
g  axes  have  exactly  the 
same  geometrical  relation 
to  the  spherical  reflect- 
ing surface  as  the  princi- 
pal axis,  but  for  lenses 
this  is  not  the  case,  and 
refraction  along  secon- 
dary axes  involves  several 
complications  which  we 
cannot  now  consider.  • 
When,  however,  the  angle 
between  a  secondary  axis 
and  the  principal  axis 
is  small  the  laws  appli- 
cable to  refraction  along 

the  principal  axis  may  be  applied  with  approximately  correct 

results. 

The  relation  between  the  distances  of  conjugate  foci  from 

the  centre  of  the  lens,  and  the  focal  length  of  the  lens,  -will 
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be  deduced  in  a  later  Article  by  a  simple  geometrical 
method. 

We  may  here  so  far  anticipate  the  result  as  to  state  that 
if  u  denote  the  distance  of  P  from  the  lens,  v  the  distance 
of  P',  and  y*  the  focal  length  of  the  lens,  then — 

1    _    1    _   1 

r  u    ~  f  ' 

By  application  of  this  foi  inula  it  is  possible  to  determine 
the  position  of  P'  coriesponding  to  any  given  position  of  P. 
For  example,  if  m  be  infinite,  that  is,  ^i  the  incident  light 
1)0  parallel,  we  have — 

1    _  1  _   1  . 

V  CO      ~    /  * 

^"^     h=^'     •••4  =  7,orr=/. 

This  means  that,  if  the  incident  light  is  parallel,  then  the 
focus  of  the  refracted  pencil  is  at  the  principal  focus  of  the 
lens  (Art.  55). 

To  trace  the  path  of  P',  as  P  travels,  along  the  principal 
axis  of  a  lens,  from  infinity  up  to  the  lens,  the  simplest 
method  is  to  start  from  the  definition  of  pHncipal  Jocu^ 
given  in  Art.  55,  and  apply  the  following  rule: — Ulien  an 
image  is  formed  by  refraction  thronyh  a  leiu,  any  motion  of 
the  object  aloiuj  the  principal  axis  prodiices  a  corresponding 
motion  of  the  image  in  the  same  direction. 

Considering  first  a  convex  lens  (Fig.  06),  when  P  is  at 


Fig.  ee. 

infinity,  that  is,  when  the  incident  light  is  parallel,  then,  by 
definition,  P'  is  at  F,  the  principal  fjMiis  of  the  lens.  As  P 
travels  fitmi  infinity  up  to  F,  P'  travels,  in  the  same  direction^ 
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from  F  to  infinity,  and  the  rays  of  the  refracted  pencil  are 
now  parallel.  As  P  travels  from  ¥'  to  O,  P',  after  tlisap- 
pearing  at  infinity  to  the  right  of  the  lens,  reappears  from 
infinity  to  the  left  of  the  lens,  and  travels,  in  the  same 
direction  cts  P,  up  to  O,  where  image  and  object  coincide. 
Similarly,  in  the  case  of  a  concave  lens  (Fig.  67),  when 


Fig.  67. 

P  is  at  infinity,  P'  is  at  F,  that  is,  when  the  incident  light 
is  parallel,  the  rays  of  the  refracted  pencil  diverge  from  the 
principal  focus  F.  As  P  travels  from  infinity  to  0,  P' 
travels,  in  the  same  direction,  from  F  to  O,  where  ima,ge 
and  object  coincide.  From  this  it  appears  that  the  image 
formed  by  a  concave  lens  always  lies  between  the  j^'rincipal 
focus  and  the  lens. 

58.  General  construction  for  images  formed  by  lenses. 

Let  A  B  (Figs.  68  and  69)  represent  an  object  placed  on 

B' 


Fig.  68. 

the  principal  axis  of   a  lens.     To  determine  the  position 
of  the  image  of  the  point  A,  it  will  be  sufficient  to  determine 
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the  point  of  intersection,  after  refraction  through  the  lens, 
of  any  two  rays  originally  diverging  from  A.  We  have 
seen,  in  Art.  56,  tliat  the  path  of  a  ray  is  readily  determined 
when  it  is  incident  parallel  to  the  principal  axis,  or  passes 
through  the  centre  of  the  lens.  Let  us  consider,  then, 
rays  coming  from  A  (Figs.  68  and  69)  along  both  these 
paths.  The  ray  A  a,  incident  parallel  to  the  principal  axis, 
is  refracted  along  a  a'  in  a  direction  passing  through  F, 
the  principal  focus  of  the  lens.  The  ray  A  0  passing 
through  O,  the  centre  of  the  lens,  suffers  no  deviation,  but 
continues  its  course  along  the  straight  line  A  O  a".  The  two 
refracted  rays  a  a'  and  O  a"  actually  intersect  (Fig.  68),  or 
appear  to  intersect  (Fig.  69)  at  A',  which  is,  therefore,  the 


Fig.  69. 

image  of  A.  Similarly,  the  image  of  B  is  formed  at  B',  and 
the  images  of  all  points  between  A  and  B  being  assumed  to 
lie  between  A'  and  B',  the  complete  image  A'  B'  is  determined. 
When  the  rays  really  intersect,  as  in  Fig.  68,  the  image  formed 
is  said  to  be  real,  but  when  they  only  apparently  intersect, 
as  in  Fig.  69,  the  image  is  virtual.  A  real  image  is  always 
formed  on  the  side  of  the  lens  opposite  to  that  on  which 
the  object  is  placed,  and  may  be  received  on  a  screen,  or 
seen  by  an  eye  ♦  so  placed  as  to  receive  th^  rays  involved  in 
its  formation.  A  virtual  image,  having  no  real  existence, 
cannot  be  said  to  be  formed  anywhere,   but  it  is  always 

•  The  eye  miiBt  be  at  the  digtancc  of  distinct  vision  from  the 
mage. 
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seen  on  the  same  side  as  the  object' by  an  eye  placed  on 
the  opposite  side  of  the  lens.  A  virtual  image  cannot  be 
received  on  a  screen. 

59.  Relative  position  of  image  and  object.    The  formula, 
i_i  ^j_ 

V      u      f  ' 

deduced  for  conjugate  foci,  evidently  establishes  a  relation 
between  the  distances  of  the  object  and  image  from  the 
centre  of  the  lens ;  for,  an  image  is  an  assemblage  of  foci, 
conjugate  to  corresponding  points  on  the  object.  This, 
relation  may  be  proved  geometrically  in  the  following  way. 


Fig.  70. 

Let  A  B   and  A'  B'  (Fig.   70)   represent  respectively  an 
object  and  its  image  formed  by  the  lens  L.     The  construc- 
tion for  the  image  is  identical  with  that  explained  above. 
From  the  triangles  A'  B'  F  and  a  O  F  we  have — 

^^=§?-        (i>  (^-"•^■> 

Similarly,  from  the  triangles  A'  B'  0  and  A  B  0  we  have— 

A^  B^  _  O  B^ 

AB  OB* 
But—  A  B  =  a  O.  "^ 

A'B^  _  OB' 
'    ■        aO         OB* 


(2) 
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Therefore,  from  (1)  and  (2)  we  have — 

OF        OB* 

If  now,  0  B  be  denoted  by  u;  OB' by  v;  OF  by/;  and  the 
usual  sign  convention  be  observed,  we  get — 

/  —  V  _  V 

~7        tV 

.  • .     nf  —  uv  —  vf. 
.' .    uf  —  vf  =■  uv. 

Therefore,  dividing  by  uf  v,  we  get — 


V       u      / 

.  The  variation  of  the  position  of  the  image  with  that  of 
the  object  may  be  traced  by  the  same  method  as  that 
adopted  in  Art.  57  for  conjugate  foci. 

The  following  particular  cases  should  be  noted  : — 

I. — Convex  lenses. 

1.  If  the  distance  of  the  object  from  the  lens  be  greater 
than  the  focal  length,  the  image  is  formed  on  the  other 
side  of  the  lens,  at  a  distance  also  greater  than  the  focal 
length,  and  is  real  and  inverted.  Fig.  68  illustrates  the 
case ;  A  B  represents  the  object,  and  A'  B'  the  image. 

2.  If  the  distance  of  the  object  from  the  lens  be  less  than 
the  fociil  length,  then  the  image  is  on  the  same  side  of  the 
lens  as  the  object,  at  a  distance  greater  than  the  focal 
length,  and  is  virtual  and  erect.   Fig.  7 1  represents  this  case. 


F\g.  71. 
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II. — Concave  lenses. 

Here  we  have  only  one  general  case.  The  image  of 
an  object,  formed  by  a  concave  lens,  is  always  on  the 
same  side  of  the  lens  as  the  object,  between  the  principal 
focus  and  the  lens ;  and  its  distance  from  the  lens  is  always 
less  than  that  of  the  object.  Hence,  the  image  formed  by 
a  concave  lens  is  always  virtual,  erect*  and  diminished. 
Fig.  69  represents  this  case. 

60.  Relative  size  of  image  and  object.  In  Fig.  70  let 
A  B  represent  the  object  and  A'  B'  the  image,  then  from  the 
triangles  A  0  B  and  A'  0  B'  we  have — 

AB        OB' 

Imaore  _  v 


JO  from  formula, 

'    Object       u 

have — 

1       1  _  1 

V       n      7' 

y^ 

w/  —  v/=  uv. 
v(u  +/}  =  uf. 

••• 

v_     f 
u       u  +  f 

. 

Image  _     / 

Object      u  +  f 

From  this  relation  the  relative  size  of  image  and  object  may 
be  determined  without  finding  the  position  of  the  object. 
Considering  the  relation — 

Imagre  v 

Object       71 
the  following  results  are  readily  deduced — 

1.  li  V  >  u,  the  image  >  the  object. 

2.  If  -y  =  Uj  the  image  =  the  object. 

3.  If  v  <  w,  the  image  <  the  object. 

Applying  those  results  to  the  general  case  I.  1  of  Ai't.  59, 
we  get  three  particular  cases,  according  as  the  image  is 

*  It  should  be  noticed  that  in  the  case  of  lenses  a  real  image  is 
always  inverted,  and  a  virttial  image  always  erect. 
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vmgnijiedj  equal  to  the  object j  or  diminished.  In  the  second 
catje,  where  the  image  is  equal  to  the  object,  we  have,  for  a 
convex  lens,  i?  =  —  w,  and  therefore  in  the  formula — 

1  _  1_^  1 
r       w      /* 
we  get — 

?  =  i.  ovu  =  2/. 

That  is,  when  the  image  formed  by  a  convex  lens  is  equal 
to  the  object,  the  distance  of  both  image  and  object  from 
the  lens  is  equal  to  twice  the  focal  length  of  the  lens,  and 
therefore  the  distance  between  the  object  and  the  image  is 
equal  to  four  times  the  focal  length  of  the  lens. 
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61.  The  following  relations,  obtained  in  the  preceding  chapter,  may 
again  be  noticed  : — 

1.  Prisms. 

sin  i  A 

D  =  (/x  -  1)  A.  (2)  (Art.  60.) 

This  formula  is  approximately  true  only  when  A  is  small,  and  is 
rigorously  true  only  when  A  is  infinitely  small.  It  should,  therefore, 
not  be  used  in  calculations  except  when  A  is  small;  for  example,  less 
than  10°. 


Lenses. 


1     1 

1 

V        u ' 

"/• 

Image 

V 

Object 

'  u' 

.      f 

7 


(4)  (Art.  57.) 

(5) 
(5a)  (Art.  60.) 


In  the  above  formulae  all  distances  are  measured  from  the  centre  of 
the  lens,  and  the  usual  sign  convention  is  adopted,  that  is,  distances 
measured  from  the  centre  of  the  lens,  in  a  direction  opposed  to  the 
incident  light  are  considered  positive,  and  distances  measured  in 
the  same  direction  as  the  incident  light  arc  considered  negative. 
In  accordance  with  this  convention  the  focal  length  (/)  of  a  convex 
lens  will  be  negative,  and  that  of  a  concave  lens  positive. 

In  applying  the  formulae  the  rules  given  in  Art.  37  must  be 
attended  to.  Of  these  (1)  and  (2)  are  so  important,  and  their 
neglect  so  often  leads  to  mistakes,  that  we  shall  again  deal  with 
them  in  their  relation  to  the  formulae  here  considered. 

(1)  On  substituting  in  any  formula  a  numerical  value  for  any  of 
the  symbols,  the  sign  of  the  former  must  always  be  attached.  For 
example,  take  the  formula — 

1-1  =  1 
V       u       f' 
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If  the  image  of  an  object,  placed  20  cm.  from  a  lens,  be  formed  at 
a  point  40  cm.  on  the  other  side  of  the  lens,  then,  to  find/,  we  have — 

«  =  20,  t?  =  -  40  ; 

and  .         1  J_  =1. 

'   '    -  40  "  20      /' 

•      _i  =1  • 

40      /  ' 

and  /  =  -  ^  =  -  13^  cm  ; 

o 

that  is,  the  lens  is  convex,  and  its  focal  length  is  13^  cm. 

(2)  In  applying  a  formula  to  determine  one  of  the  involved  distances, 
no  sign  must  be  given  to  the  unknoicii  distance.  Thus,  in  the  example 
given  above,  no  sign  is  at  first  given  to/,  but  the  result,  when  worked 
out,  shows  it  to  be  negative. 

In  applying  formula  (5)  and  (6a),  which  express  the  relative  size 
of  image  and  object,  the  question  of  sign  should  be  carefully  attended 
to,  for  the  interi)retation  of  the  result  is  simple  and  important.  In 
these  formulae,  &  positive  result  indicates  that  the  image  is  virtual  and 
erect ;  for  the  image  and  object  are  then  on  the  same  side  of  the  lens. 
Similarly,  a  negative  result  indicates  that  the  image  is  real  and 
inverted,  the  image  and  object  being  then  on  opposite  sides  of  the 
lens.  (See  footnote.  Art.  69.)  When  the  magnification  is  ofie  of  the 
data  of  a  question,  this  point  viust  be  attended  to. 

Examples  V. 

1.  The  refracting  angle  of  a  prism  is  00°,  and  the  minimum  devia- 
tion produced  in  a  pencil  of  monochromatic  light  is  40".  Find  the 
refractive  index  of  the  prism,  given  that  sin  50°  =  '766. 

Here,  applying — 

sinJJAjJD) 
*^  sini  A      * 

we  fe'ct—  _  Bin  ^  (60  +  40)  _  sin  50 

sin  4  (60)  sin  30" 

.-.  ^=:!^=  1.532. 

9 

3.  An  object  is  placed  12  inches  from  a  convex  lens  of  8  inches 
focal  length.    Find  the  j^sition  and  nature  of  the  image. 
Here,  in  formula  (4), 

1       1^_  1 
V  ~  u      7' 
we  have — 

tf  =  12  inches, /=  -  8  inches  {convex  lens), 

7 
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and  V  is  required — 


1      1  _   1 

V       12        -  8' 

V            8       12 

1 
■■  24* 

V  =  —  24  inches  ; 

that  is,  the  image  is  24  inches  on  the  other  side  of  the  lens. 
Again,  applying  (5),  we  have — 

Image  _  v  _  -  24  _  _  o  . 
Object  ~  u  12  ' 

that  is,  the  image  is  twice  the  size  of  the  object,  and  is  real  and 
inverUd. 

4.  An  object,  3  cm.  long,  is  placed  10  cm.  from  a  concave  lens  of 
20  cm.  focal  length.  Find  the  size  and  nature  of  the  image.  Here, 
fi'om  (6a)  we  get — 

Image  _      /      _       20       _  2 
Object       u  +  f      10  +  20       3* 
.    Length  of  image  _  2 
3  cm.  3' 

.  • .  Length  of  image  =  2  cm.,  and  the  image  is  virtual  and  erect. 

A  more  usual,  but  less  direct  method  of  working  this  question  is, 
first  to  determine  v,  and  then  to  determine  the  size  and  nature  of  the 
image  from  formula  (5). 

5.  A  concave  lens  whose  focal  length  is  12  inches  is  placed  on  the 
axis  of  a  concave  mirror  of  12  inches  radius  at  a  distance  of  6  inches 
from  the  mirror.  An  object  is  so  placed  that  light  from  it  passes 
through  the  lens,  is  reflected  from  the  mirror,  again  passes  through 
the  lens,  and  forms  an  inverted  image  coincident  with  the  object 
itself.     Where  must  the  object  be  placed  ?  Matrlc.,  Jwie,  1883. 

[In  problems  such  as  this,  where  by  reflexion  and  refraction  the 
image  of  the  object  is  made  to  coincide  with  the  object  itself,  the 
solution  is  easy  if  we  remember  that  rays  diverging  from  a  point  in 
the  object,  on  the  jfrinoijjal  axis,  return  to  the  same  point,  and  there- 
fore travel  to  and  fro  by  the  same  paths.  But,  if  a  ray,  after  reflexion 
at  a  mirror,  return  along  its  incident  path,  it  follows  that  it  must  be 
travelling  alonff  a  normal  to  the  mirror.'] 

In  this  case  we  know  that,  after  the  first  refraction  through 
the  lens,  the  rays  of  the  refracted  pencil — originally  diverging 
from  a  point  in  the  object  on  the  principal  axis — arc  normal 
to  the  mirror,  and  therefore  diverge  from  its  centre  of  curva- 
ture. To  find  the  position  of  the  object  we  have  therefore 
only  to  find  a  point  on  the  principal  axis  such,  that  rays  diverg- 
ing from  this  point  appear,  after  refraction  through  the  lens,  to 
<liverge  from  the  centre  of  curvature  of  the  mirror.  - 
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Hence,  in  the  formula, =  _,  ^e  have 

v        V,       J 

V  =  6  inches,/ =  12  inches,  and  u  is  unknown. 

•      I  -  L=  1 

*  *    6       V       12' 

.      1  ^i  _    L  ^  i 

*  ■    «       6       "12       12' 

.  • .    tt  =  12  inches. 

That  is,  the  object  must  be  placed  12  inches  from  the  lens  on  the  side 
remote  from  the  mirror. 

7.  Show  that  if  the  angle  of  a  prism  be  greater  than  twice  the 
critical  angle  for  the  medium  of  which  it  is  composed,  no  ray  can 
pass  through  it. 

8.  The  angle  of  a  prism  is  60°  and  the  refi-active  index  of  its 
material  V2.     Show  that  the  minimum  deviation  is  30^ 

9.  A  glass  prism  of  refracting  angle  5°  is  immersed  in  water  ;  find 
the  approximate  deviation  produced  in  a  ray  of  light  for  which  the 
absolute  refractive  indices  of  glass  and  water  are  respectively  \ 
and^. 

10.  The  minimum  deviation  produced  by  a  hollow  prism,  filled 
with  a  certain  liquid,  is  30°  ;  if  the  refracting  angle  of  tlie  prism  is 
60°,  what  is  the  index  of  refraction  of  the  liquid  ? 

11.  Show  that  when  a  ray  of  light  is  refracted  through  a  prism,  in 
the  position  of  minimum  deviation,  the  course  of  the  ray  in  the  prism 
is  peri)endicular  to  the  line  bisecting  the  angle  of  the  prism. 

15.  A  gas  flame  is  at  a  distance  of  6  ft.  from  a  wall.  Where  must 
a  convex  lens,  of  1  ft.  focal  length,  l)e  placed  in  ortler  to  give  a  dis- 
tinct image  of  the  flame  on  the  wall  ?    Explain  your  result. 

16.  An  object,  1  inch  long,  is  placed  at  a  distance  of  1  ft.  from  a 
convex  lens  of  10  inches  focal  length  ;  find  the  nature  and  size  of 
the  image. 

17.  If  an  object,  10  cm.  from  a  convex  lens,  has  its  image  magnified 
I  times,  what  is  the  focal  length  of  the  lens  ? 

18.  An  object  is  at  a  distance  of  3  inches  from  a  convex  lens  of 
10  inches  focal  length.     Find  the  nature  and  position  of  the  image. 

lU.  An  object  is  placed  6  inches  from  a  lens,  and  an  image,  3  times 
as  large,  is  seen  on  the  same  side  of  the  lens  as  the  object.  Find  the 
focal  length  of  the  lens. 

23.  A  convex  lens  of  6  inches  focal  length  is  usc<l  t«  reatl  the 
graduations  of  a  scale,  and  is  placed  so  as  to  magnify  them  3 
times ;  show  how  to  find  at  what  distance  from  the  scale  it  is  held, 
the  eye  being  close  up  to  the  lens. 
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24.  The  image  formed  by  a  convex  lens  is  n  times  the  size  of 
the  object.  Show  that  the  distance  of  the  object  from  the  lens  is 
n  +  \  f 

25.  A  candle  flame  is  placed  6  inches  from  a  plane  mirror,  and  a 
convex  lens,  of  3  inches  focal  length,  is  placed  between  the  candle  and 
the  mirror,  and  2  inches  from  the  latter.  Find  the  position  of  the 
image. 

26.  A  candle  flame  is  placed  20  cm.  from  a  plane  mirror.  Find 
where  a  convex  lens  of  5  cm.  focal  length  must  be  placed  in  order 
that  the  image  of  the  flame  may  coincide  with  the  flame  itself. 

28.  Show  (by  application  of  formula  5a  above)  that  the  image 
formed  by  a  concave  lens  is  always  less  than  the  object. 
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EXAMINATION  QUESTIONS. 

Questions  Sbt  at  London  University  Examinations. 

Matriculation. 

1.  Explain,  in  non-mathematical  language,  what  is  meant  by  the 
**  Index  of  Refraction  "  of  a  transparent  medium. 

Also  describe  the  phenomenon  known  as  "  total  reflexion,"  and 
show  how  its  occurrence  in  a  given  medium  is  connected  with  the 
index  of  refraction  of  that  medium.  Jxine,  1871. 

2.  State  the  laws  of  the  Refraction  of  Light  by  such  substances  as 
Water  or  Glass,  and  describe  and  explain  experiments  by  which  they 
can  be  demonstrated.  Jan.,  1872. 

3.  If  a  candle  is  placed  at  a  distance  of  6  feet  from  a  wall,  and  a 
distinct  image  of  the  flame  is  produced  upon  the  wall  by  a  lens  held 
at  1  foot  from  the  candle,  show  that  a  distinct  image  will  also  be 
producai  when  the  lens  is  at  5  feet  from  the  candle,  and  corppare 
the  sizes  of  the  two  images.  June,  1 872. 

4.  A  beam  of  light,  on  passing  obliquely  from  air  into  water,  is 
bent  away  from  the  surface  of  the  water  ;  and  a  straight  stick,  with 
one  end  immei-sed  obli(iuely  in  water,  apixjars  to  be  bent  towards 
the  surface  of  the  water.  Show  that  these  are  illustrations  of  the 
same  law  of  Refraction.  Jan.,  1H73. 

T).  Explain  how  to  draw  a  figure  to  represent  the  formation  of  a 
real  magnified  image  of  a  small  object  by  a  lens.  If  a  real  imi^e 
five  times  as  high  as  the  object  is  to  Ixj  thrown  on  a  screen  at  a 
distance  of  .36  inches  from  the  object,  show  what  must  be  the  focal 
length  of  the  lens  employe<l.  IhUl. 

6.  A  Ixiam  of  light  issues  from  a  given  bright  point  3  feet  above 
the  surface  of  still  water,  and  falling  obliquely  on  the  surface,  is 
divide*!  into  two  parts,  one  of  which  is  reflected  and  the  other 
rcfract«d.  Find  the  position  of  the  point  of  incidence  and  its 
distance  from  the  bright  point,  so  that  the  reflected  and  refracted 
iMjams  may  be  at  right  angles  to  each  other. 

[The  index  of  refraction  from  air  to  water  is  |.]  J\inet  1873. 

7.  An  object  is  moved  from  a  consiflerable  distance  on  the  principal 
axis  of  a  convex  lens  up  to  the  lens.  Find  the  corresponding  changes 
in  the  (xisition  and  size  of  the  image.  Ihid. 
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8.  A  bright  point,  0  inches  above  the  surface  of  still  water,  is 
reflected  from  the  bottom  of  the  vessel,  which  is  2  feet  deep  as  well 
as  from  the  surface  of  the  water.  Show  how  to  find  the  positions  of 
the  images  formed  by  the  reflexions.     (/*  =  ^.)  Jan.,  1874. 

9.  Enunciate  by  aid  of  a  sketch,  and  in  two  statements,  the  law 
of  Refraction  when  light  passes  fi-om  a  rarer  to  a  denser  medium. 
Also  point  out  what  is  meant  by  the  Critical  Angle.  Ihid. 

10.  A  simple  lens  is  used  as  a  magnifier.  Sketch  the  relative 
positions  of  the  object  (an  arrow)  and  its  image. 

The  same  lens  is  used  as  in  photography.  Sketch  the  relative 
positions  of  the  object  and  its  image.  Ihid. 

11.  Enunciate  completely,  by  aid  of  a  sketch,  the  law  of  Refrac- 
tion. State  what  you  mean  by  the  Index  of  Refraction,  and  what 
by  the  Critical  Angle. — The  index  of  refraction  from  air  to  water  is 
I  :  what  is  the  sine  of  the  critical  angle  in  this  case  ?     June,  1874. 

12.  Prove  that  the  apparent  depth  of  a  luminous  object  beneath  a 
surface  of  water  is  only  |ths  of  its  real  depth. 

[The  index  of  refraction  for  water  is  ^.]  June,  1875. 

13.  When  an  object  is  to  be  photographed,  an  image  of  it  is  first 
obtained  on  a  ground -glass  screen,  by  means  of  the  lens  of  the  camera. 
Describe  the  nature  and  position  of  this  image,  and  explain  its 
formation.  Ihid. 

14.  Explain  "  Angle  of  Reflexion,"  "Angle  of  Refraction,"  "  Critical 
Angle."  Is  there  any  displacement  of  an  object  which  is  seen 
through  a  sheet  of  plate  glass  ?  Give  reasons,  aided  by  a  diagram, 
for  your  reply.  Jan.,  1876. 

15.  Given  the  focal  length  of  a  convex  lens,  explain  generally  how 
it  is  possible  to  find  the  size  of  the  image  of  the  sun  which  such 
a  lens  will  give.  In  what  respect  will  this  image  be  altered  by 
diminishing  the  area  of  the  lens  without  altering  its  curvature  ? 

June,  1876. 

16.  A  ray  of  light  passes  from  air  into  glass,  the  refractive  index 
of  glass  with  regard  to  air  being  1*5.  Given  the  angle  of  incidence 
at  the  common  surface,  draw  a  diagram  to  show  how  the  angle  of 
refraction  may  be  accurately  determined.  Ihid. 

17.  The  chief  focal  length  of  a  lens  is  12  inches  ;  how  far  must  I 
place  a  luminous  object  from  the  lens  in  order  to  obtain  an  image 
twice  as  large  every  way  as  the  object  ?  Jan.,  1877. 

18.  What  is  meant  by  a  "refractive  index"  of  a  substance? 
Explain  the  fact  that  an  aquarium  tank  appears  to  be  much  shallower 
(from  front  to  back)  than  it  really  is  ;  and  point  out  in  what  way 
the  difEerence  between  the  apparent  and  true  thickness  is  connected 
with  the  refractive  index  of  the  water  in  the  tank.  June,  1877. 
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1 9.  DescrilHJ  thd  two  main  categories  under  which  lenses  may  be 
classified.  A  lens  of  water  is  enclosed  in  a  rectangular  envelope 
of  glass.     What  kind  of  lens  will  the  combination  form  ? 

June,  1877. 

20.  If  the  refractive  index  of  a  ray  of  light  in  passing  from  air  to 
water  be  f,  and  in  passing  from  air  to  glass  f,  find,  by  aid  of  a 
diagram,  what  it  will  be  for  the  ray  when  passing  from  water  to 
glass.  Jan.,  1878. 

21.  Light  proceeds  from  a  point  at  the  bottom  of  a  lake.  Make 
a  careful  drawing  of  the  pencil  of  rays  after  emergence  from  the 
water,  and  find  the  geometrical  focus  of  the  pencil.        Jan.,  1880. 

22.  What  is  the  critical  angle  of  a  transparent  medium  ?  Describe 
what  a  fish  would  see  on  looking  towards  the  surface  of  the  water  in 
directions  diflferently  inclined  to  the  horizon,  and  illustrate  your 
description  by  a  diagram.  Ibid. 

23.  What  is  the  focal  length  of  a  lens?  A  circle  an  inch  in 
diameter,  a  convex  lens  whose  focal  length  is  6  inches,  and  a  second 
lens  whose  focal  length  is  10  inches  are  placed  so  as  to  have  a 
common  axis.  The  distance  from  the  circle  to  the  first  lens  is 
10  inches,  and  from  the  first  lens  to  the  second  36  inches.  What 
images  of  the  circle  will  be  formed,  where  will  they  be  situated, 
and  what  will  be  their  dimensions  7  June,  1880. 

24.  How  would  you  experimentally  verify  the  laws  of  Refraction  ? 
What  condition  is  necessary  in  order  that  a  ray  of  light  may  be 

able  to  emei^  from  the  plane  surface  of  a  refracting  medium  ? 

Jati.,  1881. 

25.  What  is  the  index  of  refraction  of  a  transparent  medium  ? 
What  is  the  position  of  minimum  deviation  for  a  prism  ?     Describe 

and  exj>lain  the  appearance  presented  when  the  image  of  a  window 
is  looked  at  through  a  prism  with  its  edge  vertical.         Jan.,  1882. 

2r>.  Given  the  focal  length  of  a  lens,  show  how,  by  a  geometrical 
construction,  to  find  the  position  and  magnitude  of  the  image  of  an 
object  whose  distance  from  the  lens  is  given. 

An  object  whose  length  is  2  inches  is  placed  6  inches  in  front  of  a 
convex  lens  whose  focal  length  is  4  inches.  What  is  the  length  of 
the  image/  Ibid. 

27.  Distinguish  between  a  real  image  and  a  virtual  image.  Explain 
the  action  of  a  convex  lens  when  used  as  a  magnifying  glass.  Is  the 
image  seen  by  the  eye  real  or  virtual  ?  Ibid. 

28.  Show  how  to  find  the  position  and  size  of  the  virtual  image 
of  a  given  object,  formed  by  a  concave  lens  of  known  focal  length. 
A  concave  lens  whohc  focal  length  is  12  inches  is  placed  on  the  axis 
of  a  concave  mirror  of  12  inches  radius,  at  a  distance  of  f>  inches 
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from  the  mirror.  An  object  is  so  placed  tliat  light  from  it  passes 
through  the  lens,  is  reflected  from  the  mirror,  again  passes  through 
the  lens,  and  forms  an  inverted  image  coincident  with  the  object 
itself.     Where  must  the  object  be  placed  ?  June.,  1883. 

29.  What  is  meant  by  the  statement  that  the  index  of  refraction 
of  water  is  ^  ?  Walking  by  the  side  of  a  shallow  stream  of  clear 
water  of  uniform  depth,  the  gravelled  bottom  appeared  to  possess  a 
wave-motion,  the  trough  of  the  wave  being  always  vertically  beneath 
the  observer.     Explain  this  by  means  of  a  diagram.  Ih/d. 

30.  What  is  meant  by  the  statement  that  the  refractive  index  of 
water  is  1-333?  How  is  the  critical  angle  for  water  found?  An 
object  is  fixed  one  foot  above  the  surface  of  still  water  ;  show  how 
to  find  the  apparent  position  of  this  object,  as  seen  by  an  eye  two 
feet  vertically  under  it.  Ja7i.,  1884. 

31.  What  is  meant  by  saying  that  the  refractive  index  of  water 
with  respect  to  air  is  ^  ? 

If  the  refractive  index  of  water  with  respect  to  oil  of  turpentine 
be  x*v>  show  how  to  find  the  refractive  index  of  oil  of  turpentine  with 
respect  to  air.  Jan.,  1885. 

32.  What  is  meant  by  the  refractive  index  of  a  substance,  and  by 
total  internal  reflexion  ?  Describe  some  experiment  by  which  the 
phenomenon  of  total  internal  reflexion  may  be  produced  and  ob- 
served. State  also  how  the  minimum  angle  of  incidence  at  which 
total  internal  reflexion  takes  place  may  be  determined. 

June,  1886. 

83.  An  object  3  inches  in  height  is  placed  at  a  distance  of  6  feet 
from  a  lens,  and  a  real  image  is  formed  at  a  distance  of  3  feet  from 
the  lens.  The  object  is  then  placed  1  foot  from  the  lens.  Where, 
and  of  what  height  will  the  image  be  ?  June,  1887. 
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CHAPTER  VIII. 

DISPERSION. 

62.  Homogeneous  and  compound  light.  We  have  seen 
that  there  is  reason  to  lielieve  that  the  physical  cause  of 
Hjjht  Ls  a  species  of  transverse  vibratory  motion  in  the  ether. 
When  this  motion  is  made  up  of  a  series  of  waves,  all  of 
the  same  wave-length,  then  the  Hght  is  said  to  be  homo- 
geneous or  monochromatic.  It  is,  however,  more  generally 
the  case  that  the  wave  motion  is  made  up  of  an  infinite 
number  of  waves  of  different  wave-length.  The  light  is 
then  said  to  be  non-Jwrnogeiieoiis  or  compound. 

Monochromatic  light  is  of  a  definite  colour,  corresponding 
to  its  wave-length,  and  difterence  in  wave-length  is  always 
indicated  by  a  difference  in  colour.  Compound  light  may 
also  be  of  all  shades  of  colour,  or  may  be  white  or  colour- 
less, but  its  colour  is  no  indication  of  its  composition  ;  two 
lights  of  almost  identical  colour  may  be  made  up  of  very 
different  constituents,  and  may  even  exactly  match  the 
colour  of  any  of  the  monochromatic  lights.  Thus  the 
colour  of  light  is  not  a  reliable  indication  of  its  composition. 
In  the  case  of  white  light  however  we  can  always  state 
that  it  is  compound,  for  all  monochromatic  lights  are 
coloured,  but,  without  experiment,  we  cannot  state  what 
may  lie  the  constituents  of  any  given  source  of  white  light. 
Solar  light  and  tho  other  white  lights  \vith  which  we  are 
most  familiar,  for  example,  gas-light,  lamp-light,  electric 
light,  are  very  similar  in  composition,  and  include  all 
possible  shmles  of  monochromatic  light.  The  reason  of 
I.  is  is  evident  when  we  remember  that  white  light  of  this 
nati  1  e  always  results  from  incandascence,  and  that  an 
incai.c  escent  or  white-hot  Ixxly  ha,s  passed  through  all  the 
phases  f»f  change  of  colour  attendant  on  rise  of  tenii>envture. 
It  is  therefore  giving  out  light  of  all  wave  lengths,  from 
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the  dark  red  whicli  first  appeared  when  it  began  to  get  red- 
hot,  to  the  violet  which  was  added  when  it  first  appeared  to 
be  perfectly  white. 

63.  Newton's  Experiment.  The  light  coming  from  the 
sun  was  firet  shown  by  Newton  to  be  of  a  composite 
character.  The  experiment  by  which  this  fact  was  de- 
monstrated is  known  as  Newton's  Experiment,  and  is 
worthy  of  special  notice,  both  on  account  of  the  historical 
interest  attached  to  it,  and  because  of  the  great  importance 
of  the  fact  which  it  illustrates. 


Fier.  72. 

In  its  simplest  form,  Newton's  Experiment  may  be 
performed  in  the  following  way.  A  beam  of  sunlight  is 
admitted  into  a  dark  room  through  a  small  circular 
aperture.  A,  in  a  shutter  or  blind.  This  beam  will  be 
seen  in  the  room  as  a  small  pencil  of  light  diverging  from 
A  (Eig.  72),  and,  if  allowed  to  fall  on  a  vertical  screen  at 
S,  it  forms  a  small  elliptical  bright  spot,  which  is  a  rough 
image  of  the  sun.  If  now  a  prism,  P,  with  its  edge 
horizontal  be  placed,  edge  downwards,  in  the  path  of  the  r 
beam,  the  latter  will  be  deviated  from  its  original  course, 
and  deflected  upwards  so  as  to  form  an  image  at  S'S". 
This  image  differs  from  that  first  formed  at  S  in  several 
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important  particulars;  the  vertical  diameter  is  much 
longer,  and  instejid  of  apjjeanng  as  a  bright  patch  on  the 
screen  it  is  made  up  of  several  coloured  bands,  arranged 
horizontally.  In  fact  the  image  is  made  up  of  several 
overlapping  images,  similar  in  shape  to  that  originally  seen 
at  S,  but  each  of  a  different  colour.  This  shows  that  the 
beam  of  tchite  light  incident  on  the  prism  is,  on  refraction 
through  the  prism,  separated  into  its  different  coloured 
constituents,  each  of  which  forms  its  own  image  on  the 
screen,  and  thus  the  many-coloured  compound  image  at 
S'  S"  is  formed.  Such  compound  images  are  called  spectra. 
When  a  ajyectrum  is  formed  by  decomposition  of  the  solar 
light,  as  in  the  case  we  have  just  considered,  it  is  called  the 
solar  8])ectru7n,  and  is  made  up  of  the  colours  red,  orange, 
yellow,  green,  blue,  indigo  and  violet.  Of  these,  the  red 
rays  are  the  least  deviated,  and  therefore  appear  at  S',  the 
bottom  of  the  image  S'  S".  The  violet  rays  are  the  most 
deviated,  and  are  therefore  found  at  S",  the  top  of  the  same 
image.  The  intermediate  rays  are  arranged  in  the  order 
given  above,  from  below  upwards,  between  S'  and  S". 

It  thus  appears  as  if  solar  light  were  made  up  of  only 
seven  different  constituents,  corresponding  to  the  seven 
colours  given  above.  This  is  not  the  case ;  the  number  of 
constituents  making  up  solar  light  are  infinite,  but,  con- 
sidered with  reference  to  their  action  on  the  eye,  they  may 
1x3  divided  into  seven  sets,  each  of  which  con-esponds  to  a 
definite  colour  sensation,  and  comprises  an  infinite  numl)er 
of  rays,  each  corresponding  to  a  certain  shcule  of  the  colour 
which  characterises  the  set  to  which  it  belongs. 

64.  Eefrangibility.  When  the  rays  of  a  compound  beam  of 
light  are  refracted  through  a  prism,  as  in  Newton's  exi>eri- 
ment,  each  constituent  suffers  refraction  to  a  different  extent. 
Tliis  is  sometimes  ex]>res.sod  by  saying  that  the  constituents 
of  the  compound  beam  ai*e  of  different  refraiujilnlities;  the 
most  refratujible  rays  are  those  which  undergo  the  greatest 
deviation,  while  the  least  rcframjihle  are  those  which  suffer 
least  deviation.  In  the  solar  sj>fictrujn  the  rod  rays  nro  the 
least  refrangible,    while  the  violet  rays  are  the  most  re- 
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frangible.  The  intermediate  rays  increase  in  refrangibility 
as  we  pass  from  red  through  orange,  yellow,  green,  blue  and 
indigo  to  violet. 

From  what  has  been  said  above,  it  will  be  seen  that 
difference  in  refrangibility  corresponds  to  difference  in 
wave-length.  Light  of  high  refrangibility  is  of  short  wave-  / 
length,  and  the  corresponding  index  of  refraction  for  any 
given  medium  is  relatively  high,  while  light  of  low  refrangi- 
bility is  of  long  wave-length,  and  the  corresponding  index 
of  refraction  for  any  given  medium  is  relatively  low. 

65.  Pure   spectrum.     Tlie    spectrum    obtained    by   the 
method   of   Newton's  Experiment   is  indistinct  and  badly 
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defined  because  of  the  overlapping  of  the  images  of  which 
it  is  composed.  Such  a  spectrum  is  said  to  be  impure.  To 
obtain  a  pure  spectrum  a  very  narrow  slit  must  take  the 
place  of  the  aperture  in  the  shutter,  and  some  means  must 
be  adopted  to  obtain  a  spectrum  made  up  of  a  series  of 
adjacent  but  not  overlapping  images  of  this  slit.  In  Fig.  73 
let  8  denote  the  position  of  the  slit.     The  pencil  of  rays. 
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diverging  from  «,  forms  a  broad  biind  a  6  ou  the  sci-een  S  S'. 
If  now  the  prism  P  be  iiiter{X)sed,  in  thepontion  of  minimum 
deviation,  with  its  edge  parallel  to  the  length  of  the  slit,  the 
rays  of  the  pencil  ai*e  deviated  and  dispersed  in  such  a  way 
that  the  red  light  appears  to  come  from  r',  a  virtual  image 
of  the  slit  «,  and  forms  a  band  r  r  on  the  screen.  Similarly 
the  violet  light  seems  to  come  from  v'  and  gives  the  violet 
band  vv ;  and  so  on,  for  each  colour  of  the  sj^ectrum.  It  is 
evident  that  the  spectrum  thus  obtained  on  the  screen  is 
composed  of  a  series  of  overlapping  bands,  and  is  therefore 
not  pure.  If,  however,  a  suitable  lens  L  be  placed,  as 
shown  in  Fig.  74,  so  as  to  give,  when  P  is  removed,  a  dis- 
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tinct  image  of  the  slit  at  a,  and  the  prism,  P,  be  then  inter- 
posed, in  the  position  of  minimum  deviation,  the  pencil  of 
rays  converging  to  a,  will,  after  refraction  through  the  prism, 
be  dispersed  and  give  rise  to  a  series  of  jjencils  converging 
to  the  points  r,  o,  y,  g^  6,  i,  v.  Real  images  of  the  slit 
are  thus  formed  at  these  points  by  light  of  aich  colour, 
and,  as  each  image  is  narrow  and  distinct,  like  that  at 
a,  there  is  no  overlapping  and  a  pure  spectrum  is  ob- 
tained. If  the  slit  itself  is  not  sufficiently  narrow, 
the  images  may  be  broad  enough  to  overlap  and  thus 
give  an  impure  spectrum.  Instead  of  placing  the  lens 
at   L   (Fig.    74),    it    may  be  placed  on  the  other  side   of 
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the  prism  in  such  a  position  that  real  images  of  the  virtual 
foci  lying  between  r  and  o'  (Fig.  73)  are  formed  on  the 
screen. 

It  is  thus  evident  that  to  obtain  a  pure  spectrum  we 
must  have — 

1.  A  very  narrow  slit. 

2.  The  prism  in  the  position  of  minimum  deviation. 

3.  A  lens,  so  placed  as  to  form  a  clearly  defined  spectrum 
on  the  screen. 

The  second  condition  is  of  great  importance,  for  it  is  only 
when  the  prism  is  in  the  position  of  minimum  deviation 
that  clearly  defined  images  can  be  obtained.  In  practice 
it  will  be  found  convenient  to  illuminate  the  slit  by  means 
of  a  lamp,  and  instead  of  the  large  screen  shown  in  the 
figure,  to  employ  a  smaller  one,  placed  first  at  a  to  receive 
the  direct  image  of  s,  and  then  at  r  ...  v  to  receive  the 
spectrum.  The  prism  is  placed  in  the  position  of  minimum 
deviation  by  rotating  it  until  the  position  of  the  spectrum 
is  as  near  as  possible  to  a.     (Art.  81.) 

It  should  here  be  noticed  that  the  above  arrangement  of 
apparatus  is  necessary  to  obtain  a  real,  pure  spectrum,  which 
can  be  received  upon  a  screen.  A  virtual,  pure  spectrum 
can  be  seen  by  merely  looking  through  a  prism  at  a  narrow 
slit.  An  eye  placed  near  the  prism,  so  as  to  receive  the 
emergent  pencil,  sees  a  small,  but  very  bright  and  pure 
spectrum  at  the  virtual  foci  of  the  difierent  constituents  of 
the  pencil  entering  the  eye. 

66.  Dispersion.  We  have  seen  that  when  a  beam  of 
compound  light  is  refracted  through  a  prism,  each  con- 
stituent of  the  beam  suffers  deviation  to  a  different  degree. 
The  light  of  shortest  wave-length  is  deviated  most,  and  that 
of  longest  wave-length  least,  and  thus  the  different  con- 
stituents of  the  incident  beam  are,  as  it  were,  separated,  each 
travelling  in  a  definite  direction  determined  by  the  deviation 
it  has  experienced.  This  separation  of  the  different  con- 
stituents of  a  compound  beam  of  light  by  refraction  through 
a  prism  is  called  dispersion,  and  is  measured,  for  any  two 
rays  of  the  refracted  pencil,  by  the  angle  between  these  rays. 
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68.  Dispersion  in  a  lens.  When  a  pencil  of  compound 
light  is  refracted  through  a  lens,  it  suffers  dispei-sion  just  as 
in  refradtion  through  a  prism.  Thus,  if  a  diverging  pencil 
of  solar  Ught,  Fab  (Fig.  77),  be  incident  on  the  convex 
lens  L,  then  the  red  rays,  being  the  least  refrangible,  are 
brought  to  a  focus  at  R,  while  the  violet  rays  converge  to  a 
focus  V  nearer  the  lens.  The  orange,  yellow,  green,  blue, 
and  indigo  rays  converge  to  points  intermediate  between 
R  and  V,  and  thus,  instead  of  the  refracted  i-ays  all  meeting 
in  one  focus,  the  rays  of  each  colour  converge  to  their  own 
focus,  and  the  image  formed  on  a  screen  placed  anywhere 
near  V  or  R  will  be  coloured  at  its  edgas.  If  the  screen 
be  placed  anywhei-e  near  V,  between  the  line  vr  and 
the  lens,  then  the  outer  edge  of  the  image  will  be  red,  but, 


if  placed  beyond  v  r,  then  the  outer  edge  shows  violet.  This 
fact  is  taken  advantage  of  in  focussing  an  image  on  a  screen. 
The  points  V  and  R  are  very  close  together,  and  the  best 
definition  of  the  image  is  obtained  when  the  screen  is  at  vr. 
This  adjustment  is  readily  made  by  gradually  changing  the 
fKjsition  of  the  screen  until  the  colour  showing  at  the  outer 
edge  of  the  image  changes  from  red  to  violet.  When  this 
change  of  colour  takes  place  the  screen  is  in  the  position 
indicated  by  the  line  v  r. 

69.  The  Prismatic  Spectrum.  The  prismatic  si^ectrum 
is  the  spectrum  obtained  by  the  decompofiition  of  white  light 
on  refraction  through  a  prism. 

All  radiant  waves  are  capable  of  refraction  and  dis|ier8ioii, 
and  thus,  when  a  beam  of  white  light  is  refracted  through  a 
prism,  the  emergent  pencil  in  made  up  of  a  series  of  rays, 
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separated  and  arranged  in  order  of  coiUinicoicsly  increaiiing 
refrangibility.  Beginning  at  the  less  refrangible  end  of  the 
spectrum  determined  by  this  emergent  pencil,  and  travelling  in 
the  direction  of  increasing  refrangibility,  we  pass  a  group  of 
rays  known  as  the  dai'k  heat  rays  which  do  not  excite  the 
sensation  of  sight.  Then  we  come  to  another  group,  the 
visible  spectrum  ranging  through  the  colours  red,  orange, 
yellow,  green,  blue,  indigo  and  violet.  This  group  of  rays, 
in  addition  to  possessing  heating  properties,  has  the 
peculiar  property  of  exciting  the  optic  nerve,  and  thus 
producing  the  sensation  of  sight.  In  this  visible  spectrum 
the  intensity  of  the  light  is  different  in  different  parts, 
being  a  maximum  in  the  yellow  and  gradually  diminishing 
on  both  sides  towards  the  red  and  violet.  This  is  shown  in 
Fig.  78,  where  the  intensity  of  the  light  at  any  point  on  the 
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spectrum  is  directly  proportional  to  the  vertical  height  of 
the  intensity  curve  above  that  point.  Beyond  the  visible 
spectrum  we  come  to  the  dark  chemical  rays  or  actinic  rays. 
These  extend  for  a  considerable  distance  beyond  the  violet, 
and  are  characterised  by  their  power  of  producing  chemical 
action  in  a  certain  class  of  substances. 

The  complete  spectrum  is  thus  made  up  of  the  dark  heat 
rays,  the  visible  spectrum  and  the  actinic  rays.  The  only 
essential  difference  between  these  is  that  of  wave-length, 
which  continvA)usly  increases  from  the  first  to  the  last.  All 
these  rays  have  heating  and  actinic  properties  in  different 
degrees  and  under  different  conditions,  but  only  those 
of  the  visible  spectrum  have  the  power  of  exciting  the 
sensation  of  vision.     Fig.  78  gives   a  plan   of  the   visible 
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spectmm  and  indicates  how  the  intensity  of  the  light  varies 

along  it. 

70.  Recomposition  of  white  light.  The  colours  of  the 
spectrum  may  l)0  recombined  so  as  to  pnxluce  wliite  light. 
This  may  l)e  done  in  several  ways. 

1 .  By  combining  two  similar  prisms  in  the  way  indicated 
in  Fig.  76. 
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2.  By  allowing  the  dispersed  beam,  after  emergence  from 
the  prism,  to  fall  uix)n  a  lens.  The  image  formed  by  the 
lens  ujx)n  a  suitably  placed  screen  will  be  white,  except 
at  the  edges  where  there  will  be  a  narrow  fringe  of  colour. 

3.  If  the  dispersed  beam  be  allowed  to  fall  upon  a  con- 
cuve  mirror,  the  image  formed  by  the  reflected  pencil  will 
be  white. 

4.  If  a  circular  disc  of  cardboard  be  divided  into  seven 
sectors,  painted  in  colours  corresponding  to  the  seven  colours 
of  the  spectrum,  and  then  rapidly  rotated,  it  appears  white. 
This  result  Is  due  to  the  fact  that  visual  impressions  persist 
in  the  eye  for  a  small  fraction  of  a  second,  so  that,  if 
difiV'rent  impressions  follow  one  another  sufficiently  rapidly, 
the  final  sensixtion  is  due  to  the  combined  effect  of  the  indi- 
vidual impressions.  Tliua,  in  the  case  considered,  the  colour 
seen  on  looking  at  the  rapidly  rotating  disc,  is  the  comWned 
effect  of  the  different  colours  paintetl  on  the  sectors. 
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CHAPTER  IX. 

VELOCITY  OF  LIGHT.^ 

71.  The  velocity  with  which  light  travels  through  any 
medium  is  inconceivably  great,  but  varies  with  the  nature 
of  the  medium.  The  velocity  in  vacuo  is  taken  as  the 
velocity  of  light,  and  the  velocity  in  any  other  medium  may 
then  be  determined,  as  explained  in  Art.  41,  from  the 
absolute  refractive  index  of  that  medium.  For,  if  V 
denote  the  velocity  of  light  in  vacuo,  and  V^  its  velocity 
in  any  given  medium,  then — 

V 

where  /a  denotes  the  absolute  refractive  index  of  the 
medium. 

Hence,  if  we  can  determine  the  velocity  of  light  in  any 
medium,  such  as  air,  we  can  calculate  its  velocity  in  any 
other  medium,  or  in  vacuo. 

The  velocity  of  light  has  been  determined  in  two  general 
ways : — 

(1)  From  observations  of  celestial  phenomena. 

(2)  By  terrestrial  experiments. 

The  former  of  these  gives,  approximately,  the  velocity  in 
vaxmo,  and  the  latter  the  velocity  in  air. 

72.  Determination  of  the  velocity  of  light  from  observa- 
tions of  celestial  phenomena.  The  first  computation  of 
the  velocity  of  light  by  this  method  was  made,  in  1675,  by 
Roemer,  a  Danish  astronomer.  He  deduced  his  result  from 
observations  of  the  eclipses  of  Jupiter's  nearest  satellite. 
This  satellite  is  eclipsed  to  us  once  during  each  revolution 
when  it  passes  behind  the  planet  into  the  shadow  cast  by 
the  sun.  The  instant  at  which  the  eclipse  should  take 
place   can   be   accurately  calculated  from  dynamical   con- 
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sidei-ations.  From  a  series  of  observations  of  the  time  at 
which  the  eclipse  appeared  to  take  place,  Roemer  noticed 
that  the  observed  time  was  always  later  than  the  calculated 
time,  and  also  that  the  difference  between  these  two  times 
varied  with  the  relative  position  of  the  earth  and  Jupiter. 
From  a  careful  analysis  of  observations  it  was  found  that 
the  difference  between  the  observed  and  calculated  times  of 
eclipse  had  a  maximum  and  a  minimum  value  corresponding 
to  the  positions  of  the  earth  at  which  its  distances  from 
Jupiter  was  a  maximum  or  a  minimum. 

From  this  it  is  evident  that  the  interval  between  the 
actual  occurrence  of  the  echpse  and  the  instant  of  its 
observation  on  the  earth  corresponds  to  the  time  taken  by 
light  in  travelling  from  Jupiter,  J  (Fig.  79),  to  the  earth,  E, 
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and  that  the  differenceheivfOfin  the  maximum  and  minimum 
values  corresponds  to  the  time  taken  by  light  in  travelling 
from  E  to  E',  which  represent  resjjectively  the  positions  at 
which  the  earth  and  Jupiter  ai-e  neai*est  together  and 
farthest  apart. 

The  distance  E  E'  is  the  diameter  of  the  earth's  orbit,  and 
is  about  185,000,000  miles.  The  time  of  observation  of  the 
(M-lipse  when  the  eai-th  is  at  E'  is  about  1G*5  minutes  later 
than  when  the  earth  is  at  E.     Hence  we  have — 

Velocity  of  light  =  l»Sj2^09^  miles  per  second. 
'  ®  16-5   X   GO 

This  gives  a  velocity  of  about  186,900  miles  per  Feeond. 
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Alxjut  fifty  years  after  the  time  of  Roemer,  Bradley,  the 
English  astronomer,  gave  an  explanation  of  the  phenomenon  of 
astronomical  aberration,  based  on  the 
fact  that  light  travels  through  space 
•^  with  a  definite  velocity.  This  pheno- 
menon is  due  to  the  fact  that  both  the 
earth  and  light  travel  through  space 
with  definite  velocities,  and  hence 
the  direction  in  which  light  from 
a  star  reaches  the  earth  will  be  in 
the  direction  of  the  velocity  of  the 
light  relative  to  the  earth.  Thus,  if 
A  (Fig.  80)  represent  the  position 
of  the  earth  when  light  from  a 
star,  S,*  starts  from  S',  and  if  the 
velocities  of  the  earth  and  of  light 
be  such  that  the  former  travels 
from  A  to  B  while  the  latter  travels 
from  S'  to  B,  then  the  direction  in 
which  the  star  is  seen  from  the 
Pig^  80.  earth  is  parallel  to  A  S',  and  not  to 

the  true  direction,  A  S". 

From  our  construction  it  is  evident  that — 


A  B  _  "Velocity  of  the  earth 
BS"'         Velocity  of  light     ' 

and,  when  the  angle  S"  A  B  is  a  right  angle,  that  is,  when 
the  true  direction  of  the  star  is  at  right  angles  to  that  in 
which  the  earth  is  moving  in  its  orbit,  we  have — 


AB 
BS' 


tan  B  S'  A  =  tan  S'  A  S' 


and  the  angle  S'  A  S"  is  called  the  aberration  of  the  star. 


*  Many  of  the  stars  are  at  such  great  distances  from  the  earth  that, 
neglecting  aberration,  they  are  apparently  seen  in  the  same  direction 
whatever  the  position  of  the  earth  in  its  orbit.  The  distance  of  the 
nearest  fixed  star  is  not  less  than  200,000  times  the  distance  of 
the  sun. 
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Hence,  if  V  denote  the  velocity  of  light,  and  v  the 
velocity  of  the  earth  in  its  orbit,  we  get — 

•  =  tan«, 

where  6  denotes  the  aberration  of  the  star. 

Of  the  quantities  involved  in  this  relation  v  and  B  can 
be  determined  by  astronomical  observation,  and  V  can  then 
be  calculated. 

Tlie  value  obtained  for  V  by  this  method  is  about 
185,000  miles  per  second. 

73.  Determination  of  the  velocity  of  light  by  terrestrial 
experiment.  Two  distinct  methods  have  been  devised  to 
determine  the  velocity  of  light  by  direct  experiment. 

1.  Fizeau's  method.  The  principle  of  this  method  is 
simple.     Let  S  (Fig.  81)  represent  a  source  of  light  and  M 
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a  plane  mirror.  Now  if  a  ray  of  light,  S  M,  be  incident 
normally  on  the  mirror  M,  it  will  be  reflected  back  along 
M  S,  and  an  observer  behind  S  will  see  an  image  of  S  in 
the  mirror.  But,  if  a  toothed  wheel,  having  the  teeth 
and  spaces  of  equal  width,  be  interposed  at  W  in  the 
position  indicated  in  the  figure,  it  may  be  rotated  at  such 
a  rate  that  the  light  incident  thn)Ugh  any  space  will,  after 
reflexion,  be  i-eceived  on  the  back  of  the  next  tooth,  and 
thus  no  image  of  S  will  be  seen  in  the  miiTor.  When  this 
is  the  case  it  is  evident  that  during  the  time  taken  by  the 
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wheel  to  rotate  through  the  angular  width  of  one  of  the 
spaces,  light  travels  from  W  to  M  and  back  again.  Hence, 
to  determine  the  velocity  of  light,  from  this  experiment  we 
have  that — 

y  ^  2  WM 
t     * 

where  t  denotes  the  time  in  which  the  wheel  rotates  through 
the  angle  subtended  by  one  of  the  spaces,  at  the  centre  of 
the  wheel. 

2.  Foucanlt's  method.  This  method  is  somewhat  com- 
plicated, botli  in  theory  and  practice,  and  we  shall  therefore 
consider  only  the  principle  involved,  without  entering  into 
the  details  of  the  apparatus  actually  employed.  Let  a 
(Fig.  83)  represent  a  small  bright  object,  m  a  plane  mirror 
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capable  of  rapid  rotation,  in  the  direction  indicated  by  the 
arrow,  round  an  axis  perpendicular  to  the  plane  of  the 
paper.  M  represents  a  concave  spherical  mirror  placed  so 
that  its  centre  of  curvature  is  at  c,  the  axis  of  rotation  of  the 
plane  mirror.  For  a  certain  position  of  m  a  ray  of  light,  a  c, 
starting  from  a  is  reflected  from  m  to  M,  along  the  normal 
c  M,  and  is  thence  reflected  back  along  the  same  path  to  a. 
Hence,  if  an  eye  be  placed  at  E  an  image  of  a  will  be  seen 
in  the  direction  a  c. 

If  now  the  mirror  m  be  made  to  revolve  it  will  pass 
through  the  position  just  considered  once  in  each  revolution, 
and  therefore  an  image  of  a  will  be  seen,  for  an  instant, 
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once  in  each  revolution.  When  the  revohitions  become 
siifiiciently  rapid  (about  30  per  second)  these  quickly 
succeeding  images  persist  on  the  retina,  and  blend  into  one 
permanent  image,  still  apparently  seen  in  the  dii*ection  a  c. 
When,  however,  the  speed  of  rotation  is  gi*eatly  increased, 
the  mirror,  w,  turns  through  an  appreciable  angle  while  the 
h'ght  is  travelling  from  c  to  M  and  back  again.  For 
example,  if  the  mirror  turn  through  the  angle  6  (Fig.  83) 
while  light  travels  from  c  to  M  and  back  to  c,  then  the  ray 
Mc  will  not  be  reflected  along  ca,  but  along  ca\  and  the 
eye  at  E  sees  the  image  of  a  in  the  direction  a'  c.  Hence, 
if  we  can  determine  the  angle  a'  ca  and  the  distance  c  M,  we 
can  calculate  the  velocity  of  light.  For,  by  Art.  25,  the  angle 
a'c  a  =  2  6 J  and  light  travels  a  distance  2  c  M  during  the 
time  that  the  mirror  revolves  through  an  angle  6.  If  the 
mirror  makes  n  revolutions  per  second,  then  the  angular 
velocity  per  second  is  2 ttti,  and  the  time  in  which  the  angle 
$  is  described  is  given  by — 

t  = seconds. 

2vn 

ITierefore,  if  c  M  be  denoted  by  /,  the  velocity  of  light  is 
given  by — 

V  =  —  =  ^'^^^^ 


Of  the  quantities  involved  in  this  relation,  n  and  I  are 
readily  determined,  and  $  is  equal  to  \{a'  c  a).  In  practice 
it  would  be  very  difficult  to  measure  a'  ca  with  any  accuracy, 
and  hence  it  is  necessary  to  place  a  lens  between  a  and  m 
or  between  c  and  M,  in  such  a  position  as  to  give  real  images 
of  a,  at  a  and  a'.  The  distance  a  a'  can  then  be  measured, 
and  6  evaluated  in  terms  of  the  several  distances  involved. 
These  distjinces  are  then  eJisily  measured,  and  V  can  be 
calculat^l  with  considerable  accuracy. 

If  a  long  tulx3  containing  water  or  other  transparent 
medium  be  placed  between  c  and  M,  the  displacement,  from 
a  to  a\  will  be  greater  or  less,  aooording  as  the  velocity  of 
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light  in  the  given  medium  is  less  or  greater  than  the  velocity 
in  air.  Experiment  shows  that  light  travels  more  slowly 
through  a  dense  than  through  a  rare  medium,  that  is,  the 
greater  the  refractive  index  of  the  medium,  tlie  less  is  the 
velocity  of  light  through  it. 

The  velocity  of  light,  as  determined  by  Foucault,  was 
about  298,000,000  metres  per  second. 

Taking  the  mean  of  recent  determinations,  we  get  the 
velocity  of  light  in  vacuo  to  be  300,574,000  metres  per 
second,  or  186,700  miles  per  second. 
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SIMPLE  OPTICAL  INSTRUMENTS  AND  EXPERIMENTS. 


74.  Artificial  Horizon.  The  altitude*  of  a  star  is  fre- 
quently determined  by  a  method  based  on  the  laws  of 
reflexion.  The  accuracy  of  the  results  obtained  by  this 
method  furnish  an  indirect,  but  rigorous  proof  of  the  truth 
of  these  laws.  A  vertical  divided  circle,  adjusted  in  a 
vertical  plane,  carries  a  telescope  TT  (Fig.  84)  which 
can  be  rotated  round 
an  axis  passing  through 
the  centre  of  the  circle. 
In  making  an  obser- 
vation the  telescope  is 
first  pointed  to  a  par- 
ticular star,  and  the 
reading  on  the  circular  .. 
scale,  for  this  position  '  .. 
of  the  telescope,  is  accu- 
rately noted.  The  tele- 
scope is  then  turned  into 
the  position  T' T',  so 
as  to  view  the  image 
of  the  star,  formed  by 
reflexion  from  the  Juyri- 
zontal  aur/ace  of  mer- 
cury contained  in  the  vessel  M.  The  reading  of  the  scale 
corresjK)nding  to  this  position  is  again  noted,  and  the 
diflference   between   the  two   readings,  that  is,  the   angle 


Fig.  84. 


*  The  altitude  of  a  star  is  the  angle  between  the  direction  of  the 
star  and  the  horizontaL 
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S'  P'  R,  gives  twice  the  altitude  of  the  star.     For,  assuming 
the  laws  of  reflexion  to  he  true,  we  have — 

S  P  N  =  N  P  R, 
and  therefore—  S  P  H  =  R  P  H'. 

but—  R  P'  H"  =  R  P  H'  (Euc.  i.  29) 

therefore—  R  P'  H"  =  S  P  H 

also—  S'FH"  =  SFH.* 

Therefore  we  have — 

S'  P'  R  =  S'  P'  H"  4-  H"  F'  R  =  2  8  P  H. 

But   SPH   is   the  altitude  of  the  star,  therefore  S'P'R 
is  twice  the  altitude  of  the  star. 

The  accuracy  of  the  results   obtained   by   this   method 
conclusively  proves  the  truth  of  the  laws  of  reflexion. 

75.  Hadley's   Sextant.     The  sextant  is   an   instrument 
employed   for   measuring   the   angle  between  two  distant 

objects,  as  seen  from  the 
position  occupied  by  the 
observer.  The  principle 
of  its  action  has  already 
been  explained  in  Art.  27. 
The  essential  parts  of  the 
instrument  are  shown  in 
Fig.  85.  The  frame  is 
made  up  of  the  circular 
arc  S  S'  and  the  two  arms 
SC  and  S'C.  These  two 
arms,  which  are  radii  of 
the  circle  of  which  S  S'  is 
a  segment,  intersect  at  0 
the  centre  of  the  circle, 
and  CI  is  an  index  arm 
which  can  be  rotated 
about  an  axis  passing  through  C.  Two  plane  mirrors, 
A  and  B,  are  attached  to  this  arrangement;  A  is  fixed  on 
the  arm  S'  C,  and  B  is  attached,  at  C,  on  the  index  arm 

*  S  P  and  S'  P'  are  parallel.     Compare  footnote  to  Art.  72. 


Fig.  85. 
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C  1 ;  l)oth  mirrors  being  perpendicular  to  the  plane  of 
the  paper.  The  mirror  A  is  unsilvered,  or  only  partially 
silvei-ed,  so  that  an  observer  looking  thi-ough  the  tele- 
scope T,  which  is  directed  towards  A,  can  see  objects  in 
the  direction  TH.  Wlien  I  is  at  S,  the  planes  of  the 
mirrors,  A  and  B,  are  parallel,  so  that  any  ray  H'  C, 
incident  on  B  parallel  to  HT,  is  reflected  along  CA  to 
A,  and  thence,  along  A  T,  to  T. 

The  observer  looking  through  T  thus  sees  objects  in  the 
direction  T  H  (or  C  H'),  both  directly  through  A,  and  by 
successive  reflexion  from  B  and  A  respectively. 

On  moving  the  index  arm  C I  towards  S',  other  objects, 
in  addition  to  those  seen  directly  through  A,  are  brought 
into  view,  and  if,  when  any  particular  object,  in  the 
direction  C  P,  is  brought  into  the  field  of  view,  the  arm 
CI  has  been  turned  through  an  angle  6j  then,  by  the 
principle  of  Art.  25,  the  angle  P  C  H'  is  equal  to  2  ^. 
That  is,  the  angle  between  an  object  seen  in  the  dii-ection 
C  H',  and  another  object  in  the  direction  C  P,  is  equal  to 
tvnce  the  angle  SCI. 

Hence,  in  determining  the  angle  between  any  two  given 
objects,  the  instrument  is  first  adjusted  until  one  of  the 
objects  is  seen  directly  through  A,  and  also  by  reflexions 
fi-om  B  and  A.  The  index  I  will  then  be  at  the  zero 
of  the  scale  on  S S'.  The  arm  CI  is  then  moved  until 
the  other  object,  seen  by  reflexions  from  B  and  A,  ap{)ears 
to  coincide  with  the  fii-st  object  still  seen  directly  through 
the  unsilvered  part  of  A.  The  required  angle  is  then 
obtained  by  doubling  the  angle  SCI  which  is  given  by 
the  residing  of  the  scale.  Usually  the  scale  is  graduated 
on  the  principle  of  marking  half-degrees  as  whole  ones,  so 
that  the  direct  reading  gives  the  required  angle. 

76.  Images  produced  by  a  plate  with  parallel  faoei. 
lict  O  (Fig.  86)  represent  an  object  placed  in  front  of  the 
plate.  Rays  reach  the  nwirest  face  of  the  plate  in  all 
directions  from  O.  Consider  the  ray  Oa.  It  is  partially 
reflected  from  the  first  face  at  a,  and  an  image  due  to 
this  reflexion  is  seen  at  1.      But  a  poition    of  the  light 
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incident  at  a  is  refracted  into  the  plate  along  ah^  and, 
on  incidence,  at  /»,  on  the  second  face  of  the  plate,  a 
portion  is  reflected  along  he,  and  the  remainder  refracted 
out  into  the  air.  The  first  portion,  travelling  along  h  c, 
again  suffers  partial  reflexion  and  refraction  at  c,  and  the 
emergent  ray,  c/,  gives  rise  to  another  image  I',  fainter 
than  the  first  at  I,  because  of  the  loss  of  light  at  h  and  c. 
Similarly,  after  reflexion  at  c?,  and  refraction  at  e,  the  light 


Fig.  86. 

emergent  along  e  g  gives  rise  to  another  image  I",  fainter 
than  that  at  I'.  In  this  way,  by  continued  reflexion  and 
refraction,  a  series  of  images  are  formed  on  the  line  1 0' ; 
each  member  of  the  series  becoming  fainter  and  fainter  as 
the  number  of  reflexions  and  refractions  by  which  it  is 
produced  are  increased. 

These  images  can  be  plainly  seen  by  holding  a  candle  in 
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front  of  a  looking-glass  and  viewing  the  image  obliquely. 
A  number  of  images,  arranged  along  a  normal  to  the 
mirror,  will  be  seen ;  the  first  or  nearest  image,  formed 
by  reflexion  at  the  first  face,  is  rather  faint ;  the  next, 
formed  by  the  first  reflexion  at  the  silvered  surface,  is 
very  bright ;  the  remainder  are  fainter,  and  decrease  in 
intensity  as  their  distance  from  the  mirror  increases.  The 
number  of  images  seen  depends  upon  the  polish  of  the 
reflecting  surfaces,  for,  after  a  certain  number  of  reflexions 
and  refractions,  the  quantity  of  light  reaching  the  eye 
becomes  too  small  to  excite  the  sensation  of  vision,  and  the 
loss  of  light  by  reflexion  at  any  surface  depends  upon  the 
degree  of  polish  of  that  surface.  In  performing  this  ex- 
periment it  will  be  noticed  that  the  first  image  increases  in 
intensity  as  the  angle  at  which  it  is  seen  is  increased. 
This  shows  that  the  quantity  of  light  reflected  from  a  glass 
surface  increases  as  the  angle  of  incidence  increases. 


77.  Total  reflexion  prisms.  Let  ABC  (Fig.  87)  repre- 
sent the  section  of  a  prism.  The  angle  ABC  is  a  right 
angle.  Imagine  light 
incident,  along  P  Q,  nor- 
mal to  the  face  A  B.  It 
wll  pass  on  undeviated 
until  it  is  incident  on  the 
face  AC  at  an  angle  of 
45°.  This  angle  being 
greater  than  the  critical 
angle  for  glass  and  air, 
the  light  is  totally  re- 
flected at  A  C,  along  Q  R, 
a  normal  to  the  face  B  C, 
and  emerges  from  the 
prism  ^^nthout  suffering 
further  deviation.  The 
light  is  thus  turne<l 
through  a  right  angle  with  little  or  no  loss  of  light,  and 
hence  the  arrangement  is  much  better  than  a  mirror 
placed  in  the  {xmition  A  C. 
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Wollaston's  prism,  sometimes  called  the  camera  luciday 
is  a  totally  reflecting  prism  with  four  angles,  generally- 
employed  as  an  aid  to  sketching.  A  section  of  the  prism  is 
shown  in  Fig.  88  ;  the  angle  A  B  C  is  a  right  angle,  ADC 
is  135°,  and  the  otlier  two  angles  each  67|°  Light  incident 
normally  on  B  C,  in  the  direction  P  Q,  is  totally  reflected 
from  the  face  D  C  to  the  face  DA,  whence  it  is  totally 
reflected  along  B  S  normally  to  the  face  A  B.     To  an  eye 


Fig.  88. 


looking  along  S  B,  objects  in  the  direction  Q  P  are  seen  in 
the  direction  S  B  P',  and  the  image  thus  seen  may  be  traced 
on  a  sheet  of  paper  placed  at  P',  vertically  below  S.  The 
sheet  of  paper  is  seen  past  the  edge  A  of  the  prism,  while 
the  image  is  seen  by  reflexion  from  the  face  A  D.  It  is  im- 
portant that  the  image  should  be  in  the  plane  of  the  paper, 
for  then  paper,  pencil,  and  image  are  seen  with  the  same 
focussing  of   the  eye.     For  this  reason  a  concave  lens  of 
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short  focal  lengtli  is  placed  in  front  of  the  face  B  C  when 
the  object  to  be  sketched  is  very  distant.  By  adjusting  the 
height  of  the  prism  in  its  stand  (Fig.  89),  tlie  image  can 


Fig.  80. 

then  be  made  to  coincide  with  the  plane  of  the  paper.  The 
two  reflexions  at  the  faces  C  D  and  D  A  are  necessary  to 
give  an  erect  image. 

78.  The  magnifying  glass.  A  magnifying  glass  is  simply 
a  convex  lens  of  short  focal  length  employed  to  obtain 
magnified  virtiuil  images  of  small  objects.  The  lens  is  placed 
at  a  distance  less  than  its  focal  length  from  the  object  to 
be  viewed,  A  B  (Fig.  71),  and,  as  explained  in  Art.  59,  a 
virtual  magnified  image  is  formed  at  A'B',  which,  when  the 
position  of  the  lens  is  properly  adjusted,  can  be  clearly  seen 
by  an  eye  at  E.  A  simple  microscope  is  merely  a  magnify- 
ing glass  mounted  on  a  stand  and  provided  with  suitable 
aooessories  for  the  examination  of  small  objects. 

79.  The  camera  obscnra.  The  principle  of  this  arrange- 
ment is  indicated  in  Fig.  90.  At  the  top  of  a  small  tent  or 
wooden  structure  is  a  small  cylindrical  or  cubical  box, 
which  contains  a  mirror  R  and  a  lens  L,  arranged  as 
shown  in  the  figure. 

The  minor  is  inclined  at  45°  to  the  horizontal,  and 
roilo<;t8  the  rays  coming  from  any  external  object  A  B  on 
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Fig.  90. 


to  the   lens  L,  which    forms   an  image   A'B'  on   a  white 
table   or    screen   placeil  vertically  below  it.     The  room  is 

perfectly  dark,  and  the 
inside  carefully  black- 
ened, so  that  the  image 
thus  cast  upon  the 
screen  or  table  may  be 
clearly  seen.  The  box 
containing  the  mirror 
and  lens  can  be  rotated, 
and  thus  images  of  all 
objects  surrounding  the 
tent  are  in  turn  cast 
upon  the  table.  In- 
stead of  the  mirror  and 
lens  it  is  better  to  em- 
ploy a  totally  reflecting 
prism  with  thei  faces, 
which  are  turned  towards  A  B  and  A'B'  respectively,  convex 
and  concave.  The  curvature  of  the  concave  surface  is  less 
than  that  of  the  convex,  and  the  arrangement  thus  acts  as  a 
convex  lens  and  a  mirror  combined. 

The  photographic  camera  is  constructed  on  the  same 
principle.  If  a  lens  be  substituted  for  the  aperture  in  the 
pinhole  camera  described  in  Art.  4,  we  have  the  essentials 
of  a  photographic  camera.  Images  of  external  objects  are 
formed  by  the  lens  on  a  screen  at  the  back  of  the  camera ; 
and,  if  a  suitably  prepared  photographic  plate  be  sub- 
stituted for  the  screen,  the  action  of  the  light  on  this  plate 
is  such  that  when  subjected  to  proper  chemical  treatment 
a  negative  is  obtained  from  which  the  ordinary  photographs 
can  be  printed  on  sensitized  paper. 

80.  The  magic  lantern.  The  principle  and  construction 
of  this  instrument  will  be  understood  from  a  study  of 
Fig.  91.  A  source  of  light  (lamp,  lime-light,  or  electric 
light)  is  placed  at  S,  at  the  focus  of  the  concave  mirror 
M.  A  beam  of  parallel  light  is  thus  reflected  from  M  on 
to  the  lens  L,  which  concentrates  it  on  the  slide  5,  which 
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contains,  in  an  inverted  position,  a  transparent  photo- 
graph, or  other  suitably  prepared  representation  of  the 
picture  to  be  shown  on  the  screen.  The  lens  O  then  forms 
on  the  screen,  R,  a  magnified  inverted  image  of  the  picture 
in  the  slide.  The  latter  being  itself  inverted,  the  image 
on  the  screen  is  erect,  and 
magnified  in  the  ratio 
R  0 : 0«.  The  tube  carry- 
ing the  lens  O  can  be  slid 
backwards  and  forwards, 
so  that  a  clearly  defined 
image  can  always  be  fo- 
cussed  on  the  screen.  The 
magnification  possible  with 
any  instrument  is  limited 
by  the  intensity  of  the  light 
illuminating  8.  For  the 
quantity  of  light  falling 
on  8  is  also  the  quantity 
which  illuminates  the  image 
on  the  screen,  and  hence 
the  intensity  of  this  image 
diminishes  as  its  area  is 
increased. 

81.  Experimental  illus- 
tration of  the  deviation 
produced  by  a  prism.  In 
Art.  52  the  phenomenon  of 
deviation  of  light  by  a  prism 
was  illustrated  by  the  dis- 
placement of  the  virtual 
image  of  a  slit  seen  through 
the  prism.  By  application 
of  the  principle  of  Art.  66  we  can,  however,  illustrate  devia- 
tion by  noticing  the  displacement  of  a  real  image,  obtained  by 
means  of  a  lens  and  prism.  Tlie  apparatus  described  below 
may  be  employed  for  this  purjxise,  and  will  also  serve  to 
give  rough  measurements  of  the  deviation  produced. 

y 
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A  small  truly  circular  table,  about  30  cm.  in  diameter, 
is  fittetl  round  its  edge  with  a  strip  of  thin  tough  paper,  in 
such  a  way  that  the  upper  edge  of  the  strip  projects  about 
5  cm.  above  the  face  of  the  table.  On  this  projecting  edge, 
about  half-way  up,  a  scale,  showing  degrees,  is  marked  all 

round  the  strip.  At  the 
180th  division  on  the 
scale,  a  narrow  vertical 
slit,  S  (Fig.  92),  about 
2  cm.  long,  is  so  cut  in 
the  paper  that  one  edge 
accurately  coincides  with 
this  division.  The  ap- 
paratus being  placed  in 
a  dark  room,  the  slit  is 
illuminated  by  a  properly 
shaded  sodium  flame,  and 
a  suitably  mounted  con- 
vex lens,  L,  is  fixed  on 
the  table,  between  the  slit 
and  the  centre,  in  such  a 
position  that  a  clearly 
defined  image  of  the  slit,  having  one  edge  coincident  with 
the  zero  on  the  scale,  is  obtained  on'lthe  paper  strip  at  *S". 
At  the  centre  of  the  table  is  fixed  a  small  stand,  TT, 
which  can  be  rotated  round  a  central  vertical  axis.  On 
this  stand  a  prism  can  be  placed  with  its  edge  vertical, 
and  fixed  so  that  the  plane  bisecting  its  refracting  angle 
passes  through  the  axis  of  rotation  of  the  stand.  On 
placing  the  prism  in  position,  and  rotating  the  stand  until 
the  rays  of  light  coming  from  the  slit,  through  the  lens, 
are  refracted  through  the  prism,  it  will  be  seen  that  the 
position  of  the  image  of  the  slit  is  changed,  and  that 
the  change  of  position  indicates  that  the  rays  are  de- 
viated by  the  prism  in  a  direction  away  fiom  its  refracting 
edge.  As  the  prism  is  rotated  the  position  of  the  image 
changes,  indicating  that  the  magnitude  of  the  deviation  pro- 
duced depends  upon  the  position  of  the  prism  relative  to  the 
incident  light.     If,  for  nny  position  of  the  prism,  the  image 
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is  formed  at  *S"',  then  the  magnitude  of  the  deviation  is 
meiisured  by  the  angle  S'PS",  which  may  be  at  once  read 
off  on  the  scale.  If  the  prism  be  rotated  so  as  to  cause  the 
deviation  to  diminish,  it  will  be  found  that,  as  the  prism  is 
rotated,  always  in  the  same  direction,  the  image  will  travel 
at  a  gradually  decreasing  rate  towards  S'^  and  at  a  certain 
point  will  become  stationary,  and  then  turn  back  in  the 
opposite  direction.  The  deviation  at  the  instant  at  which 
the  image  is  stationary  is  the  minimum  deviation^  which 
can  thus  be  determined  by  noting,  on  the  scale,  the  division 
at  which  the  image  ceases  to  advance  towards  «S"  and  begins 
to  turn  back.  The  image  obtained  on  the  scale,  after  the 
interposition  of  the  prism,  is  not  cleiirly  defined  except  at, 
and  near,  the  pasition  of  minimum  deviation,  and  conse- 
quently measurements  made  near  this  position  will  be  more 
correct  than  for  other  positions.  Accurate  measurements 
of  deviation  are  made  by  means  of  the  spectrometer. 

82.  Determination  of  the  focal  length  of  a  lens.  The 
experimental  determination  of  focal  length  is  of  great  im- 
portance. The  methods  adopted  depend  upon  the  nature  of 
the  lens,  and  upon  the  degree  of  accuracy  required.  We 
shall  consider  a  few  of  the  simpler  approximate  methods 
for  each  class  of  lenses. 

I. — Convex  lenses. 

1.  The  simplest  method  of  determining  the  focal  length 
of  a  convex  lens  is  to  allow  a  beam  of  parallel  light  to  be 
incident  on  the  lens,  in  a  direction  parallel  to  the  principal 
axis,  and  then  to  measure  the  distance  of  the  focus  of  the 
refracted  pencil  from  the  lens.  For  this  purpose  the  lens 
is  mounted  in  a  suitable  stand  or  clip,  with  its  axis  parallel 
to  a  graduated  bar  of  wood,  along  which  the  stand  slides. 
At  one  end  of  this  bar,  and  at  right  angles  to  its  lengthy  a 
thin  paper  or  ground-gliuss  screen  is  fixed,  with  its  centre 
approximately  on  the  same  level  as  the  principal  axis  of  the 
lens.  ThiH  arrangement,  with  the  screen  towards  the  ob- 
server, i.M  then  pointe<l  towards  the  sun  or  some  other  well- 
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defined  object,  and  the  position  of  the  lens  adjusted  until  a 
clearly  defined  image  of  the  sun,  or  other  object  chosen,  is 
formed  on  the  screen.  The  distance  between  the  lens  and 
the  screen,  as  indicated  by  the  gradations  on  the  bar,  gives 
the  required  focal  length,  for  if  the  object  be  sufliciently 
distant  the  image  is  approximately  at  the  principal  focus  of 
the  lens. 

2.  This  method  is  an  application  of  the  formula — 

L  _  i  =  1 
V        u        /' 

The  lens  is  mounted  in  one  of  the  uprights  of  the  optical 
bench,  with  its  axis  parallel  to  the  length  of  the  bench. 
In  two  other  uprights,  placed  one  on  each  side  of  the 
lens,  are  fixed  a  lighted  candle  and  a  screen,  the  flame  and 
the  centre  of  the  screen  being  adjusted  to  the  level  of  the 
principal  axis  of  the  lens.  By  properly  adjusting  the  posi- 
tions of  these  two  uprights,  relative  to  that  carrying  the  lens, 
a  sharply  defined  image*  of  the  flame  is  formed  on  the  screen. 
The  distances  v  and  u  are  then  determined  by  noting 
on  the  scale  of  the  bench  the  distances  between  the  screen 
and  the  lens  and  between  the  candle  flame  and  the  lens. 
The  value  of /is  then  calculated  from  the  relation — 

1        1^1 
V  "  u       /■ 

These  measurements  should  be  made  for  several  different 
values  of  v  and  u,  and  the  mean  of  the  results  taken  as  the 
mean  value  of/. 

Instead  of  the  candle  flame  it  is  better  to  employ  a  small 
sharply  defined  object  brightly  illuminated  by  a  suitably 
placed  light.  Two  fine  wires  stretched  across  a  hole  in  a 
piece  of  cardboard,  a  piece  of  fine  wire  gauze,  or  a  piece  of 
glass  with  a  scale  etched  on  it  answer  the  purpose  extremely 
well. 

*  See  Art.  68. 
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3.  The  displacement  method.  Let  A  and  B  (Fig.  93) 
represent  ras{jectively  the  positions  of  a  bright  object  and  a 
screen.  Tlien,  if  a  magnified  image  of  the  object  A  be 
formed  on  the  screen  at  B  by  a  lens  placed  at  C,  a  dimi- 
nished image  can  also  be  obtained  on  the  screen  by  placing 


A^ 


B^ 


c' 

Fig.  93. 


the  lens  at  a  point  C  such  that  BC  =  AC,  for,  if  AC  and  BC 
are  conjugate  focal  distances,  then  the  eqiud  distances  AC 
and  BC  are  also  conjugate.  Let  AB  be  denoted  by  I  and 
CC  by  a,  then  if  AC  and  CB  be  each  denoted  by  jt?,  and 
CB  and  AC  be  each  denoted  by  q^  we  have — 

AB  =  AC  +  CB 
.-.       l=p  +  q  (1) 

and—  C  C  =  A  C  -  A  C 

.-.       a  =  q-p.  (2) 

Therefore  from  (1)  and  (2)  we  get — 
_     l-.a 


and — 

but  by  usual  formula, 
and  here — 


(8) 
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Hence,  by  measuring  I  and  a,  /  may,  by  application  of 
this  formula,  be  readily  determined. 

The  measurements  of  I  and  a  are  made  by  means  of 
the  optical  bench  in  a  method  similar  to  that  explained 
above. 

A  particular  case  of  this  method  is  applied  in  Silbermann's 
Focometer  (Fig.  94). 

When  a,  in  formula  (3)  above,  becomes  zero,  we  have, 
neglecting  sign — 

When  this  is  the  case  the  points  C  and  C  in  Fig.  93 
are  evidently  coincident,  and  we  have  A  0  =  C  B.  That 
is,  image  and  object  are  equidistant  from  the  lens,  and 
are   therefore  equal   in   size  (Art.  60).     This  is  the  fact 


Fig.  94. 


made  use  of  in  this  instrument,  which  consists  of  a  fixed 
scale  carrying  three  slides,  A,  B  and  C.  Mounted  in  A 
and  B  are  two  thin  pieces  of  horn  or  other  semi-transparent 
substance  having  exactly  similar  and  equal  patterns  ruled  on 
them.  The  sUde  C  carries  the  lens  whose  focal  length  is  to 
be  determined.  The  positions  of  these  slides  must  be  adjusted 
until  the  image  of  the  pattern  in  A  is  seen  to  coincide  exactly 
with  that  in  B.  It  will  then  be  found  that  A  and  B  are  equi- 
distant from  C,  and  the  distance  between  A  and  B,  read  oiF 

on  the  scale,  gives  I,  from  which/  f  =-  j  is  easily  calculated. 
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II. — Concave  lenses. 

We  have  already  seen  that  with  a  concave  lens  the  image 
is  always  vii-tiial,  and  cannot  therefore  be  received  upon  a 
screen.  This  renders  it  difficult  to  determine  the  focal 
length  of  a  concave  lens,  but  the  follo'wing  methods  may  be 
adopted  with  fairly  accurate  results : — 

1.  One  face  of  the  concave  lens  is  covered  with  a  circular 
piece  of  black  paper,  through  which  two  large  pinholes  have 
been  made,  on  a  diameter  of  the  circle,  at  points  equidistant 
from  the  centre.  A  beam  of  parallel  light  is  then  directed 
on  the  lens  in  a  direction  parallel  to  the  principal  axis.  All 
the  incident  rays  except  those  passing  thi-ough  the  pinholes 
are  stopped  by  the  black  paper,  and  if  a  screen  be  placed 
behind  the  lens,  two  bright  spots  will  be  formed  upon  it  at 
the  points  Avhere  the  rays  passing  through  the  pinholes  meet 
its  surface. 


Let  a  and  6  (Fig.  95)  ropi-esent  the  positions  of  the 
pinholes,  then,  the  incident  light  being  parallel,  the  rays 
refracted  through  at  a  and  b  diverge  fnmi  the  focus  F,  and 
bright  spots  of  light  are  formed,  at  a'  and  6',  on  a  screen 
placed  at  any  i)oint  S,  behind  the  lens. 
From  the  figure  we  have— 

ab   _V0_       FO 
a'  b'      F¥      F  O  +  U  8* 
Therefore,  if  the  focal  length  of  the  lens  be  denoted  by 
/,  we  get— 

ab  _       / 
a!  b'      /  i-  U  ri" 
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From  this  relation  y'  ciin  be  determined  when  a  b,  a'  h'  and 
O  S  are  known.  The  distance  O  S  is  read  off  on  the  scale 
of  the  optical  bench  on  which  the  screen  and  lens  are  placed, 
and  the  lengths  a  h  and  a'  h'  are  measured  with  a  pair  of 
compasses  and  a  fine  scale.  This  experiment  should  be  con- 
ducted in  a  darkened  room,  and  the  beam  of  parallel  light 
obtained  by  placing  a  source  of  light.  A,  at  the  focus  of  a 
convex  lens,  L,  fixed  in  an  upright  behind  the  concave  lens. 
Only  very  rough  results  can  be  obtained  by  this  method. 

2.  Three  uprights  carrying  respectively  a  bright  object,  a 
convex  lens  and  a  screen,  are  arranged  on  an  optical  bench 
in  such  positions  that  a  clearly  defined  image  of  the  object 
is  formed  on  the  screen.  The  position  of  the  screen  being 
noted,  the  concave  lens  whose  focal  length  is  to  be  deter- 
mined is  mounted  in  an  upright  previously  placed  between 
the  convex  lens  and  the  screen.  By  properly  adjusting  the 
position  of  the  concave  lens  and  the  screen  an  image  of  the 
object  can  be  again  obtained,  and  by  noting  this  second 
position  of  the  screen  and  that  of  the  convex  lens  data  are 
obtained  from  which  the  required  focal  length  may  be 
determined.     Let  P  (Fig.  96)  denote  the  position  of  the 


Fig.  96. 

object,  and  P'  the  position  of  the  image  formed  on  the  screen 
at  S  by  the  convex  lens  L.  If  the  concave  lens  be  placed  at 
L'  in  such  a  position  that  L'  P'  is  less  than  its  focal  length, 
then  the  rays  converging  to  P'  are  rendered  less  convergent, 
and  made  to  converge  to  a  more  distant  point  P".  If  the 
screen  be  placed  at  S'  an  image  of  the  object  at  P  is  formed 
on  it;  this  image  may  be  rx)nsidered  as  the  image  of  that  at 
P',  and  if  L'  P'  and  L'  P"  be  measured  the  focal  length  of  the 
concave  lens  may  be  calculated  from  the  relation — 

l_i  =  2 
V      u       f* 
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where  L'  P'  is  denoted  by  m,  L'  F'  by  v,  and  the  required 
focal  length  by^*. 

3.  It  can  be  shown*  that  if  two  thin  lenses  of  focal 
lengths,  /j  and  /^,  be  placed  in  contact  so  as  to  act  as  one 
compound  lens,  then  the  focal  length,  F,  of  the  combination 
is  given  by  the  relation — 

If  a  concave  lens  of  focal  length, y*i,  be  combined  in  this  way 
with  a  convex  lens  of  s/iorter  focal  length, /j,  the  combina- 
tion is  evidently  equivalent  to  a  convex  lens,  and  its  focal 
length,  F,  may  be  determined  by  either  of  the  methods  given 
above.  Similarly  /^  may  be  determined,  and  the  required 
focal  length /i  may  then  be  calculated  from  the  relation  just 
given. 

*  See  '♦  Examples  in  Heat  and  Light,"  Ex.  V.  6. 
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EXAMINATION  QUESTIONS. 
Questions  Set  at  London  Univeesity  Examinations. 

Matriculation. 

1.  What  is  meant  by  the  Focal  Length  of  a  Convex  Lens  ?  Show 
how  to  find  it  (1)  by  aid  of  the  sun,  (2)  by  an  artificial  fiame. 

Jiine,  1874. 

2.  An  arrow,  pointing  towards  the  observer,  is  seen  by  internal 
reflexion  in  an  isosceles  right-angled  prism.  Explain  the  difference 
in,  and  give  a  sketch  of,  the  images  seen,  according  as  the  prism  is 
three-sided,  or  a  four-sided  Wollaston  prism.  Jan.,  1879. 

3.  What  is  the  focal  length  of  a  lens,  and  how  would  you  determine 
it  experimentally  ?  In  the  case  of  a  convex  lens,  if  the  object  be  as 
near  as  possible  to  the  image,  where  must  the  lens  be  1 

Jan.,  1880. 

4.  Show  by  a  drawing  how  you  would  employ  a  right-angled 
isosceles  glass  prism  to  bend  a  beam  of  light  at  right  angles.  Will 
any  light  be  lost  at  the  hypotenuse  ?  State  fully  the  reasons  for 
your  answer. 

Explain  the  formation  of  an  image  by  a  convex  minor. 

Jan.,  1881. 

5.  How  would  you  determine  the  focal  length  of  a  convex  lens  if 
sunlight  were  not  available  ?  Jan.,  1882. 

7.  What  is  the  focal  length  of  a  lens  1  How  may  the  focal  length 
of  a  concave  lens  be  determined  ?  Jan.,  1884. 

8.  A  candle  is  placed  at  a  fixed  distance  opposite  a  wall.  A  convex 
lens,  held  between  the  candle  and  the  wall,  throws  on  the  wall  a 
well-defined  magnified  image  of  the  candle  flame  when  it  is  1  foot 
from  the  candle,  and  a  well-defined  diminished  image  when  it  is  11  feet 
from  the  candle.     Find  the  focal  length  of  the  lens.        Jan.,  1885. 

9.  How  is  the  focal  length  of  a  convex  lens  best  determined  with- 
out the  aid  of  sunlight  1 

An  object  is  placed  8  inches  from  the  centre  of  a  convex  lens,  and 
its  image  is  found  24  inches  from  the  centre  on  the  other  side  of  the 
lens.  If  the  object  were  placed  4  inches  from  the  centre  of  the  lens, 
where  would  the  image  be  ?  June,  1886. 


APPENDIX. 


QUESTIONS  SET  AT  LONDON  UNIVERSITY  MATRICU- 
LATION  EXAMINATIONS  UNDER  THE  NEW  (1888) 
REGULATIONS. 


Wednesday,  June  20,  1888 — Afternoon,  2  «o  5. 

HEAT  AND  LIGHT. 

«        .        (  R.  T.  Glazebrook,  Esq.,  M.A.,  F.R.S. 
Examxners  |  p^.^^  ^  ^   Reinold,  M.A,  F.R.S. 

1.  If  3,000  nubic  inches  of  air  at  0°  C.  expand  by  11  cubic 
inches  for  each  degree  rise  of  temperature,  find  the  volume 
at  100°  of  a  quantity  of  air  which  at  50°  measures  100  cubic 
inches,  the  pressure  being  supposed  to  undergo  no  change. 

2.  Define  specific  heat  and  capacity  for  heat,  and  explain 
how  you  would  determine  the  specific  heat  of  oil. 

3.  Explain  the  statement  that  the  latent  heat  of  water 
is  80.  To  a  pound  of  ice  at  0°  are  communicated  100  units 
of  heat  (pound-degrees  Centigrade).  Wliat  change  of 
temperature  dees  the  ice  undergo,  and  in  what  way  is  its 
volume  altered  Y 

4.  Describe  an  experiment  to  illustrate  the  convection  of 
heat,  and  trace  the  proces.ses  by  whicli  heat  is  conveyed 
through  a  hot- water  heating  apparatus  from  the  boiler-tiro 
to  the  walls  of  a  room  heated  by  the  pipes. 

5.  Describe  and  explain  some  method  of  determining 
the  velocity  of  light. 

6.  How  would  you  use  Rumford's  (shadow)  photometer 
for  comparing  the  illuminating  powers  of  two  sources  of 
light  ?     State  clearly  the  principle  of  the  method. 

7.  A  bright  object,  4  inches  high,  is  placed  on  the  prin- 
cipal axis  of  a  concave  spherical  mirror,  at  a  distance  of 
15  inches  from  the  mirror.  Determine  the  position  and 
size  of  its  image,  thd  focal  length  of  the  mirror  being 
6  inches. 

8.  What  is  a  ftpectrum  t  Describe  carefully  what  you 
would  see  in  looking  through  a  glass  prism  at  a  point  of 
light  in  a  dark  room.   Illustrate  your  answer  with  a  figure. 


Wednesday  J  January  16fh,  1889. — Afternoon,  2  to  5. 

HEAT  AND   LIGHT. 

_,        .        ( Prof.  G.  F.  FitzGerald,  M.A.,  F.R.S. 
Examiners  ^  ^  ^  Glazebrook,  Esq.,  M.A.,  F.R.S. 

1.  Explain  why  in  reading  a  barometer  it  is  necessary  to 
correct  the  reading  for  the  temperature  of  the  mercury. 
A  barometer  with  a  glass  scale  reads  755  mm.  at  18°  C.  ; 
find  the  reading  at  0°  C.  The  apparent  coefficient  of 
expansion  of  mercury  in  glass  is  '000155,  and  the  coefficient 
of  linear  expansion  of  glass  is  '0000089. 

2.  What  is  the  law  connecting  the  change  of  presSure  of 
a  gas  at  constant  volume  with  the  change  in  its  temperature 
as  measured  by  a  mercury  thermometer  ?  Describe  experi- 
ments to  verify  this. 

3.  How  would  you  distinguish  between  vaporisation  and 
ebullition  ?  Does  the  boiling  point  of  a  liquid  depend  on 
the  pressure  on  its  surface  ?  Illustrate  yoair  answer  with 
an  experiment. 

4.  Calculate  the  temperatures  Centigrade  corresponding 
to  100°  F.,— 40°  F.,  0°  F.,  98°  F. 

5.  If  a  small  hole  be  made  in  the  shutter  of  a  darkened 
room  an  inverted  image  of  objects  outside  is  formed  on  a 
screen  placed  within  the  room.     Explain  this. 

6.  Distinguish  between  a  real  and  a  virtual  image  formed 
by  optical  means.  A  candle  is  placed  in  front  of  a  piece  of 
flat  glass,  and  on  looking  into  the  glass  an  image  of  the 
candle  is  seen ;  show  how  to  determine  the  position  of  this 
image.     Is  it  real  or  virtual  ? 

7.  A  person  looks  at  an  object  through  a  concave  lens  of 
1  foot  focal  length,  the  object  being  5  feet  beyond  the  lens. 
Draw  a  figure  showing  the  paths  of  the  rays  by  which  V 
sees  the  image  formed,  and  determine  its  position. 

8;  Describe  how  to  produce  a  pure  rpeo^r'ira. 


Wednesday,  June  I2th,  1889 — Afternoon,  2  to  6. 

HEAT  AND  LIGHT. 

TP.r.^.'^^.  S  ^'  T-  Glazebrook,  Esq.,  M.A.,  F.R.S. 
Examiners  |  p^^  ^  ^  FitzGeralo,  M.A.,  F.R.S. 

1.  Describe  an  experiment  for  showing  that  the  volume 
of  a  gas  at  constant  pressui'e  increases  by  approximately 
•y^rd  of  its  volume  at  0°  C.  for  each  rise  of  1°  C.  of  tem- 
perature. The  volume  of  a  mass  of  gas  at  a  pressure  of 
half  an  atmosphere  and  tempei-ature  15°  C.  is  150  c.c: 
find  the  volume  when  the  tempeiuture  is  303°  C.  and  the 
pressure  one  atmosphere. 

2.  Distinguish  between  capacity  for  heat  and  specific  heat; 
and  describe  some  method  of  measuring  the  specific  heat 
of  a  me'tal. 

3.  Distinguish  between  a  vapour  and  a  gas.  What  is 
meant  by  the  dew-point,  and  how  may  it  be  found  ? 

4.  Describe  an  experiment  by  which  you  would  show 
that  ice  conti'acts  when  it  melts,  and  that  the  resultant 
water  goes  on  contracting  if  it  be  warmed. 

5.  Explain  how  observations  on  Jupiter's  satellites  lead 
to  a  determination  of  the  velocity  of  light.  What  data  are 
necessary  in  order  to  make  the  calculation  ? 

6.  A  lens  of  focal  length  of  one  foot  is  placed  at  dis- 
tances (a)  of  three  feet,  and  (h)  of  six  inches,  from  an 
object  two  inches  long.  Draw  figures  showing  the  paths 
of  rays  of  light  from  each  extremity  of  the  object,  and  find 
the  position  and  size  of  the  images  formed  in  the  two  cases 
respectively. 

7.  Explain  clearly  why  a  narrow  slit,  a  prism,  and  at 
least  one  lens  are  required  in  order  to  form  a  pure  spectrum 
on  a  screen. 

8.  A  circular  uniform  source  of  light,  two  inches  in 
diameter,  is  placed  at  a  distance  of  ten  feet  ivom  a  spheiv 
two  inches  in  diameter.  Calculate,  appi-oximately,  the 
diameters  of  the  umbra  and  penumbra  cast  on  a  screen 
five  feet  beyond  the  8i)liei*e. 


MATRICULATION  EXAMINATION. 

Wednesday^  January  15thf  1890. — Afternoon^  2  to  6. 

HEAT  AND   LIGHT. 

X,        .        C  Prof.  G.  T.  FitzGerald,  M.A.,  F.R.S. 
Mxammers  |  ^  ,p   Glazebrook,  Esq.,  M.A.,  F.R.S. 

1.  Describe  how  to  measure  the  apparent  coefficient  of 
expansion  of  a  liquid  by  means  of  a  weight  thermometer. 

2.  Define  specific  heat.  How  would  you  determine  the 
f:pecific  heat  of  alcohol  ? 

3.  Describe  how  maximum  and  minimum  thermometers 
are  constructed,  and  how  they  are  to  be  used. 

4.  Describe  how  the  heating  of  buildings,  (a)  by  hot 
water-pipes,  (6)  by  steam,  depends  on  convection  and 
conduction  of  heat,  specific  heat,  and  latent  heat. 

5.  Describe  how  to  measure  the  relative  intensities  of 
two  sources  of  light  by  the  shadow  photometer. 

6.  A  concave  mirror  of  2  feet  focal  length  is  placed 
1  foot  from  an  object ;  find  the  change  in  the  position  of 
the  iniaj^e  produced  by  moving  the  object  1  inch  nearer 
the  mirror. 

7.  Di'aw  a  diagram  explaining  the  formation  of  an 
image  of  a  given  object  by  a  concave  lens.  Can  such  an 
image  be  made  larger  than  the  object  ?  Give  reasons  for 
your  answer. 

8.  How  would  you  show,  experimcnt.illy,  that  a  ray  of 
light  is  deviated  by  passing  through  a  prism.;  and  how 
would  you  measure  the  deviation  ? 


ANSWEKS 


HEAT. 


Examples  1. 


4,_(1)  -94°  F.;  -56°  R, 

(2)  24-4°  C;  19-6°  K. 

(3)  -30°  C;  -22PF. 

(4)  32°  F. ;  0°  R. 

(5)  10°  C. ;  8°  R. 

(6)  20P  C. ;  16°  R. 

(7)  80°  C. ;  176°  F. 

(8)  197-6°  F.;  73*6°  R. 

(9)  -10°C.;  -8°R. 
(10)  62-5°  C;  144-5°  F. 


EZAMPLB8  IL 

1.  1-000089. 

2.  1. 

8.  10007;  -999961. 

4.  -l)9i>975;  1-0013. 

6.  1-(KX)12;  1-00032. 

6.  100084 ;  99-984. 

Examples  III. 

8.  -OSom. 

e.  72-Som. 

10 
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d. 


4.      -p^=-9832. 
'*-ioo 

6.  10-1476  grams. 

7.  -00003225. 


Examples  IV. 


11. 

•000017. 

16. 

100°  C. 

17. 

•000029. 

21 

1  +  « 

«vX. 

1+A* 

8.  0-003821. 

11.  663-77. 

12.  (i)  P,  T', 


13. 


T'V 


(ii)  ^,  T,  V. 
~  =  273-68. 


17.  -0841  gram. 

18.  1-00428  (nearly). 

19.  313°  C. 

20.  273°  C. 
22.  -459-4°  C. 


Examples  V. 


Examples  VI, 


Examination  Questions  (page  72). 


2.  534-16  com. 

3.  450-531  cub.  in. 
12.  64-1°  C. 

16.  -185  cub.  ft.  (nearly). 

16.  1-54  com. 

17.  845-2  cub.  in.:  577-4  cub.  in. 
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Examples  VII. 


9.  25-89°;  9-12  grams. 

10.  13-1579  grams. 

12.  -0903  (nearly). 

18.  -6153. 

16.  745-3°. 

16.  77-29°  (nearly). 

17.  1-005;  1027;  1-016. 


Examples  VIII. 

4.  95-58  ponnd-degrees. 

7.  79-561. 

8.  -1108. 

9.  -0334. 

10.  -9167. 

Examples  IX. 

11.  966-6;  144. 
13.  72-75  grams. 
16.  65 -3°  C. 

16.  32-26  grams.     (Copper  to  be  taken  at  1000°  C.) 


Examination  Questions  (page  130). 


10. 

5-66  lbs. 

18. 

12-5°  (nearly). 

16. 

44*4  gram-degrees. 

(Kx. 

VIIL2.) 

16. 

495-3. 

17. 

25:2;  1-861°  C. 

18. 

•0329. 

19. 

31-85°  C. 

20. 

-932. 

21. 

79-705. 

28. 

28-923'  C. 

24. 

m. 

96. 

47-5  gram-degreee ; 

59-376  grams. 
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Examples  X. 


4.  1-205  grams. 

6.  -5-2°C. 

6.  10-1° C;  771  percent. 

7.  //  =  72-76  per  cent. 


Examples  XL 


6.  -0384. 

6.  12,000,000  gram-degrees. 

7.  125*28  gram-degrees. 
9.  -0001;^. 


LIGHT. 

Examples  I. 

7.  100  cm.;  20  cm. 

8.  Diameter  of  umbra  =  5-S56  cm. 
Diameter  of  penumbra  =  9'29.S  cm. 

9.  -00894  sq.  cm.  (nearly) ;  A'B'  =  13-3  cm. 

10.  3  :  4. 

11.  Id  :Ib:Ic  ::  3v/3":8:  8. 

12.  a?  :  ¥. 

13.  (115)* :  (201)^ 

14.  80  cm.  from  the  less  intense  light. 

16.  (a)  Screen  between  the  lamps,  2f  ft.  from  16-power  lamp. 
(J)  Screen  outside  lamps,  24  ft.  beyond  16-power  lamp. 

Examples  II. 

4.  12  in.,  24  in.,  36  in.,  etc. ;  12  in. ;  12  in. 

5.  60^. 

6.  3  ft. 

7.  100°. 


LIGHT.  149 


Examples  IIL 

7.  (1)  Distance  <  12 ;  (2)  distance  <  12. 

8.  13-5  in. 

''•     O      w-/     3/-/- 2' 

10.  12  in. 

11.  -025  in. ;  9  in.  behind. 
13.  3^  in.  behind ;  f . 

17.    -,  virtual,  ^  behind. 
2  2 

Examination  Questions  (page  55). 

9.  Real  and  one-third  as  large  as  object ;  1  ft.  from  the  mirror  ; 
inverted. 

16.  6  in. 

19.  1  ft.  from  the  mirror;  inverted;  three  times  as  large  ;  at  the 
centre  of  curvature, 

21.  Object  3  in.  in  front  of  mirror;  image  1^  in.  behind  mirror. 

26.  Between  candle  and  gas  flame,  2  ft.  from  former  and  6  ft. 
from  latter  ;  or,  on  the  line  passing  through  the  lights,  4  ft.  from  the 
candle  and  12  ft.  from  the  gas  flame. 


Examples  IV. 


6.  1{  nearer. 
6.    054  (nearly). 

,0.    ^f .  ■ 

11.  4-38  in. 

12.  226,5G3,909'8  metres  per  second. 


Examples  V. 


9.  •625*'. 

10.  v/2. 

16.  3  ±  ^/a! 

16.  Kcal ;  5  in. 


1 50  ANSWERS. 

17.  If  image  is  real,/=  8  cm. 

„      „      „  virtual, /=  13 J  cm. 

18.  Virtual,  V  object ;  4f 

19.  9  in. 
23.  4  in. 

25.  i^\  in.  in  front  of  plane  mirror. 

26.  15  cm.  from  mirror. 

Examination  Questions  (page  101). 
3.  25  :  1. 

5.  5  in. 

6.  5  in.  from  the  bright  point. 

8.  The  images  formed  are  G  and  8 J  in.  below  the  surface  of  the 
water. 
U.3. 

17.  18  in.    (To  obtain  a  real  image  with  a  convex  lens.) 

20.  -. 

8 

23.  First  image  8f  in.  from  first  lens  ;  diameter  ^  in.     Second 
image  15 Jf  in.  from  second  lens ;  diameter  \\  in. 
26.  4  in. 

28.  See  Examples  V.  5. 
31.  1-48. 
33.  2  ft.  from  lens  on  the  same  side  as  the  object ;  0  in.  high. 

Examination  Questions  (page  138). 

8.  11  in. 

9.  On  the  same  side  as  the  object,  and  12  in.  from  the  centre. 

Examination  Papers:  Appendix. 
Jwie,  1888. 

1.  Vi^=  115-5  cub.  in. 

2.  Arts.  38,  39,  40. 

3.  Arts.  49,  50;  20°  C;  Art.  52  (2). 

4.  Arts.  81,  93. 
6.  Arts.  72,  73. 

6.  Art.  12. 

7.  Between  object  and  mirror,  at  a  distance  of  10  in.  from  the 
mirror ;  2J  in. 

8.  Arts.  G3,  65. 


LIGHT.  161 

Jamiary,  1889. 

1.  752-652  mm. 

2.  Art.  32  (iii). 

3.  Arte.  54,  60,  62,  63. 

4.  Sir  C. ;   -40''  C^  -17r  C. ;  36}"  C. 

5.  Art.  4. 

6.  Arts.  18,  19,  21. 

7.  10  in.  from  lens. 

8.  Art.  65. 

June,  1889. 

1.  Art.  32  (ii) ;  150  c.cra. 

2.  Arts.  38,39,40. 

3.  Arts.  55,  76. 

4.  Arts.  29,  52  (fi). 

6.  Art.  72. 

{(a)  14  ft.  on  the  other  side  of  the  lens ;  image  \  size  of  the 
object. 
(Jb)  1  ft.  from  the  lens  on  the  same  side ;  image  twice  size 
of  the  object. 

7.  Art.  65. 

8.  Umbra  =  2  in. ;  penumbra  =  4  in.    (Ex.  I.  2.) 

January,  1890. 

1.  Art.  27  (1). 

2.  Arts.  39,  40. 
8.  Art.  11. 

4.  Art.  93. 

6.  Art.  12. 

6.  ,S  in. 

7.  Art.  58  (Fig.  69) ;  Art.  57. 

8.  Art.  81. 
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PAGE 

ABSOLUTE  conductivity 149 

„                   „          ,  Experimental  determination  of    .  151 

„          expansion  of  mercury 43 

„          temperature 64 

„          zero 65 

Aggr^ation,  State  of 2 

Air  thermometer 20,  46,  63 

Alcohol  thermometer 18 

Apparent  expansion 40 

BOILING  point 15,  105,  116 
„            „    ,  Determination  of 121 

„  „    ,  Influence  of  pressure  on        .        ,        .        .117 

Boyle's  law 57 

Breezes,  Land  and  sea 156 

Bunsen's  ice  calorimeter 100 

CALIBRATION  of  thermometer 17 

Calorie 75 

Calorimeter 81 

„          ,  Bunsen's  ice 100 

„           ,  Laplace  and  Lavoisier's  ice 99 

Calorimetry 74 

Centigrade  scale 16 

Change  of  state 92,  105 

„       „      „    of  aggregation 8 

„       „  zero 20 

Charles'  law 60 

Chemical  action 8 

Chronometer  balance  wheel 32 

CoeflBcients  of  expansion 26 

Combustion 2,  3 


HFAT.  1 53 

PAOB 

Condensation 127 

Conduction 142,  144 

Conductivity,  Absolute 149,  151 

„  of  liquids 153 

„  ,  Relative 152 

,  Thermal 144,  147 

Construction  of  thermometer 13 

Convection 142,  154 

„  currents 143 

Cryophorus 122 

D ALTON  :  determination  of  maximum  pressure  of  aqueous 

vapour 110 

Dalton  :  laws  of  vaporization 110 

Daniell's  hygrometer 135 

Davy  lamp 153 

DeNV-|X)int    ....                  134 

„       „      hygrometers 135 

Distillation 127 

Dulong   and   Petit  :  determination  of  absolute  expansion  of 

mercury 43 

EBULLITION 105,114 
.Laws  of llfi 

Effects  of  heat 5 

Enei^y,  Heat  a  form  of 2 

„      ,  Molecular :? 

„      ,  Transformation  of 3 

Evaporation 105,  113 

„  ,  Conditions  favourable  to 114 

Expansion,  Absolute,  of  mercury I.{ 

„        ,  Apparent  and  real 4(i 

„        ,  Coefficients  of .      2«> 

,  Cubical,  of  solids       ...  20,  42 

,  Force  of 34 

,  Linear 27 

of  gases 7,  55 

„  liquids ♦".,  lo 

„  solids .'.,  L't; 

„  water 4l» 

.  Practical  precautions  necessary  on  account  of  .       .30 
,  Kelation  between  linear  and  cubical         ...      27 

FAHRENHEIT  scale ir, 

Force  of  expansion  ....                                      :u 

F'ranklin's  experiment  i  l . 

Freezing  mixture  '.♦s 

„        point     .  15 


154  INDEX. 

PAGE 

GASES,  Eximnsion  of 7,  55 
Gay  Lussac  :  determination  of  expansion  of  gases    .  57 

Gay  Lussac's  law 60 

Graham's  mercurial  pendulum 32 

Gravesand's  ring 6 

Gridiron  pendulum,  Harrison's .31 

HARRISON'S  gridiron  pendulum 81 

Heat  a  form  of  energy 2 

Heat  a  measurable  quantity 4 

„    ,  Effects  of 6 

,,    ,  Nature  of 2 

„    ,  Transference  of 3 

„    ,  Transmission  of 142 

„    ,  Unit  of 74, 75 

Hope's  experiment 50 

Humidity,  Relative 132 

„        ,  Determination  of  relative 133 

Hygrometer,  Daniell's  dew-point         .        .        .        .        .        .135 

„          ,  Regnault's       „                 136 

,  Wet  and  dry  bulb 137 

Hygrometry 132 

Hygroscopes 138 

Hypsometer 120 


I 


NGENHOUSZ'S  apparatus 150 


LAPLACE  and  Lavoisier :  measurement  of  linear  expansion  .  28 

Latent  heat  of  fusion 96 

Latent  heat  of  steam,  Determination  of 123 

„         „      „  vaporization 121 

„         „      „  water.  Determination  of 97 

Leslie's  differential  thermoscope 67 

„       experiment 122 

Liquefaction 93 

„          ,  Laws  of 94 

Liquids,  Expansion  of 6, 40 

MAXIMUM  and  minimum  thermometer,  Rutherford's  .        .  19 

„            „           „                    „           ,  Six's      .         .         .  18 

Melting  point.  Determination  of 95 

Mercurial  thermometer 13 

Mercury,  Absolute  expansion  of 43 

Metallic  thermometer  (Breguet's) 33 

Method  of  mixture 78 

Molecular  energy 3 


HEAT.  155 

PAOB 

"lyTATUREof  heat 2 

Jl  1      Norwegian  cooking  box 145 

PA  PIN'S  digester 120 

Pendulum,  Graham's  mercurial 32 

„        ,  Harrison's  gridiron 31 

Pressure,  Influence  of,  on  boiling  point 117 

melting   „ 94 

„        ,  Normal  atmospheric 16 

„          of  aqueous  vapour 110 

„        ,  Vap)our 106 

Properties  of  typical  thermometric  substances  ....  86 

„            „  vapours 105 

RADIATION 143 

Real  expansion 40 

Reaumur  scale 17 

Recent  heating 21 

Regnault :  determination  of  expansion  of  gases          ...  58 
„                   „               „  maximum  pressure  of  aqueous  vapour    119 

„          hygrometer 136 

„          on  latent  heat  of  steam 1 26 

Rumford's  differential  thermoscope 67 

SATURATED  vapour Ill 

Scale,  Centigrade 16 

Scale,  Fahrenheit 16 

„    ,  Reaumur 17 

Solidification 93 

„           ,  Laws  of 94 

Solids,  Expansion  of 5,  26 

Solution 98 

Soret's  formula 121 

Specific  heat 77 

„          „    ,  Determination  of,  by  method  of  mixture  78 

„          „     of  a  liquid 80 

„          „     „  gases 86 

State  of  aggregation 2 

»     ..           „          .  Change  of  8 

Stationary  state  ....                                ...  146 

TEMPERATURE 2,  10 

„               ,  Absolute     .  64 

„              ,  Definition  of       .  10 

Tlicrmal  capacity         .        .  76 

„              „        of  a  body  77 


156  INDEX. 
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Thermal  capacity  per  nnit  mass 76 

„              „        unit  volume 77 

„        conductivity 144 

,,                 „          ,  Definition  of 147 

Thermometer 11 

„  ,  Air 20, 45, 63 

„           ,  Alcohol 18 

„           ,  Calibration  of 17 

„           ,  Construction  of 13 

„           ,  Mercurial 13 

.,           ,  Metallic  (Breguet's) 33 

„           ,  Rutherford's  maximum  and  minimum ...  19 

„           ,  Six's                      ,,            „          „          .        .       ..  18 

„           ,  Sources  of  error  in 20 

,  Weight 44,46 

Thermometry 10 

Thermoscope,  Leslie's  differential 67 

„          ,  Rumford's     „ 67 

Trade  winds          • 155 

Transference  of  heat 3 

Transformation  of  energy 3 

Transmission  of  heat 142 

Typical  thermometric  substances,  Properties  of  .        .        .        .86 


u 


NIT  of  heat 4,75 

Unsaturated  vapour Ill 


YAPORIZATION,  Dalton's  laws  of 110 

Vapour  pressure 106 

Vapour,  Saturated  and  unsaturated Ill 

Vapours,  Properties  of 105 

Variable  state 146 

WATER  equivalent 78 
„      ,  Expansion  of 49 

Weight  thermometer 44,  46 

ZERO 10,16 
,,    ,  Absolute 65 

„    ,  Change  of 20 


LIGHT.  1 57 


LIGHT. 

PAOB 

ABERRATION,  Astronomical 116 
,  Spherical 37,  82 

Absolute  refractive  index 62 

Altitude 121 

Angle  of  incidence 20,  59 

„      „   reflexion 20 

„      ,,   refraction 59 

Aplanatic  lens 82 

Artificial  horizon 121 

Axis,  Principal 36,  84 

„  ,  Secondary 36,  86 

BENCH,  Optical 48 
Bradley  :  determination  of  the  velocity  of  light        .        .116 
Bunsen's  photometer 14 

CAMERA  lucida 126 

„          obscnra 127 

„        ,  Phot<^raphic .  128 

„        ,  Pinhole 4 

Centre  of  a  lens,  Optical 84 

Colour 65 

Compound  light  . 105 

Concave  lenses 80 

Conjugate  foci 39,  78,  87 

Convergent  pencil 2 

Converging  meniscus 80 

Convex  lenses 80 

Critical  angle 66 

Curvature,  Centre  of 36 

.  Radius  of 38 


DEVIATION 27,  68,  83.  129 
„        ,  Minimum 76 

Dispermon 106,  110 

in  a  lens Ill 

Divergent  pencil 2 

Diverging  meniscus 80 
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■j^lZEAU :  determination  of  the  velocity  of  light 


Focal  length 


PAO-C 

.     117 

37,  85 
„         „      of  lenses,  Determination  of    .        .        .        .131 

Foci,  Conjugate 39,  78,  87 

Focus  2 

„     ,  Principal 37,  85 

„     ,  Virtual 4 

Foucault :  determination  of  the  velocity  of  light        .        .        .118 
„  photometer 12 

H ABLE Y'S  sextant 122 
Homogeneous  light 75, 105 


Horizon,  Artificial 


medium 


1 
121 


ILLUMINATING  power 11 
Illumination,  Intensity  of 9, 10 

Images 22 

„     ,  Real 22 

,,     ,  Virtual 22 

Incidence,  Angle  of 20 

„       ,  Plane  of 

Index  of  refraction.  Absolute 

,  Relative 

Inverse  squares,  Law  of 

Inversion,  Lateral 


20 

62 
61 
10 
27 


"IT^ALEIDOSCOPE 


33 


LATERAL  inversion 
Lens    , 
Lens,  Aplanatic    . 
„  ,  Concave 
„  ,  Convex 
„  ,  Optical  centre  of 
Light,  Compound 
„    ,  Homogeneous 
„    ,  Monochromatic 

MAGIC  lantern 
Magnification 
Magnifying  glass 
Medium 

„      ,  Homogeneous 
„      ,  Transparent   . 


27 
80 
82 
80 
80 
84 
105 
75,  105 
75,  105 

128 
44  ' 
127  V 

1 


UOHT. 
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Meniscus,  Conveiiging 80 

„      ,  Diverging 80 

Microscope,  Simple 127 

Minimum  deviation 76 

Mirrors 20 

„        at  anj  angle 32 

„        at  right  angles 31 

„      ,  Parallel 29 

„      ,  Spherical 36 

M(»iochromatic  light 75,  105 

NEWTON'S  experiment 106 

Normal 20 


i^PTICAL  bench 

48 

■pENCIL 2 

JL        „      ,  Convergent 

2 

„      ,  Divergent . 

2 

„      ,  Parallel     . 

S 

Penumbra     . 

7 

Photometer 

12 

'•■—.--'< 

14 

12 

,  :--- i's 

13 

Pinhole  camera     . 

4 

Pole      .... 

36 

Principal  axis 

36,  84 

„         focus     . 

■J7,  S5 

Prism   .... 

75 

„      ,  Edge  of 

75 

„      ,  Principal  section  of 

75 

„      ,  Refracting  angle  of 

75 

„      ,  Refraction  through  a 

76 

„      ,  Total  reflexion 

125 

„      .WoUaston's 

126 

TJ  ADl  US  of  curvature 
XV    Real  images 

38 

22 

Recomposition  of  white  light 

113 

Reflexion      .... 

19 

.\ngle  of 

20 

.  I^ws  of 

21 

.  Plane  of 

21 

„        .Total     . 

87 

Refraction    .        .                                                                           1U,68 

,  Angle  of 

69 
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Refraction,  Laws  of 60,  59 

Refractive  index* 61 

„  „      ,  Absolute .62 

„  „      ,  Relative 61 

Refrangibility 107 

Roemer :  determination  of  the  velocity  of  light .        .        .        .114 
Rumford's  photometer 13 

SECONDARY  axis 36,85 

Sextant,  Hadley's 122 

Shadow  cone 6 

Shadows 6 

Sines,  The  law  of 59 

Spectrometer 131 

Spectrum 107 

„       ,  Prismatic Ill 

„       ,  Pure 108 

„       ,  Solar 107 

„       ,  Virtual 110 

Specula 20 

Spherical  aberration 37,  82 

„        mirrors 36 

TOTAL  reflexion 67 
„            „         prism 125 

Transparent  medium 1 

JTMBRA 6 

VELOCITY  of  light 65,114 
„           „     „    ,  Determination  of ,  by  Bradley        .        .116 
„           „     „    ,            „               „    „    Fizcau.        .        .117 
„     „    ,            „                „     „    Foucault     .        .118 
„           „     „    ,            „                „    .,    Roemer        .        .114 

Virtual  focus 4 

„       image 22 

„       spectrum 110 

WAVE  length 65 
White  light,  Recomposition  of 113 

Wollaston's  prism 126 
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